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The ureterorenoscopy (URS) with laser induced lithotripsy is a preferred endoscopic method for 
the treatment of lithiasis and is in direct competition to extracorporeal shockwave lithotripsy 
(ESWL) and percutaneous nephrolitholapaxy (PCNL). During the laser induced lithotripsy pulsed 
laser light is guided to the urinary calculus via a light guide wire through the working channel of an 
endoscope, the stone hence is fragmented by photothermal and mechanical effects. The Ho:YAG 
laser (λ: 2.1 µm) ranks as gold standard for therapy of urolithiasis, due to the high absorption of 
this wavelength in water (α: 2.78 mm-1) and good transmission in low OH light guide wire systems. 
The applied laser energy causes a force to the stone and adjacent fragments, whereby stone move-
ment (propulsion) is induced. Repelled fragments can be hardly detectable or may lead to an in-
creased operation time due to tracking of lost fragments with the endoscope. For one thing re-
maining fragments potentially result in increased recurrence rates or secondly to overall longer 
operation time.  
To address this medical need, a measurement set-up was constructed for the quantification of the 
fragmentation rate and propulsion at different laser parameters (optical pulse length, energy per 
pulse and repetition rate). With the objective to improve the locating of stones and fragments, the 
spectral fluorescence characteristics of human kidney stones were investigated via fluorescence 
microscopy using different excitation wavelength.  
The systematic evaluation of ablation rates at different laser parameters (Energy (E): 0.5 J/pulse - 
2.5 J/pulse, repetition rate (f): 10 Hz - 80 Hz, optical pulse length (t): 0.3 ms - 4 ms) were investi-
gated by shredding artificial calculi (Bego, mixture 15:4, edge length 5mm). In particular the so-
called term “dusting” was studied, where the stone is dusted (fragment size < 1 mm) instead of 
fragmented by carefully chosen laser parameters. The advantage of dusting technology is that the 
sediment/debris can be flushed out via the rinsing flow due to the small particle size.  
The investigation of the propulsion was performed in a set-up consisting of an acrylic glass vessel 
with a reduced inner bore (Ø: 8 mm), which was used as a guiding tube for the artificial stone, 
accelerated due to laser application from the bottom side. As a result of hydrodynamic and gravi-
tation, the stone returns to its initial position. The movement is recorded via a high-speed camera 
(1000 fps) and subsequently converted to a movement profile by an image-processing algorithm. 
A quantification of the propulsion can be made by evaluation and averaging of rising flanks’ slopes, 
respective the mean velocity of the stone.  
Human kidney stones were investigated for their fluorescence response at different excitation 
wavelengths (400±5) nm, (450±10) nm und (550±5) nm, using a spectral fluorescence microscopy. 
The remitted fluorescence light was detected by a spectrometer after passing specific long pass 
filters (λ > 470 nm, λ > 520 nm, λ > 590 nm). Additional fluorescence response (λ > 610 nm) of 
two kidney stones was observed in vivo intraoperatively via an endoscopic camera system at green 
excitation (λ: 500-570 nm).   
The optical tissue properties, absorption and reduced scattering, were investigated via spatial re-
solved remission and integrating sphere measurements on porcine tissue samples (liver, lung, brain, 
muscle). The focus was on the comparability and reproducibility between the results gained from 
dissected versus homogenized tissue samples. New Ho:YAG four cavity laser systems are capable 
to produce repetition rates up to 100 Hz, pulse energies up to 6 J and pulse lengths up to 4 ms. 
Collateral damage to surrounding tissue, may occur as a result of the high average laser power either 
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by direct laser impact to the tissue or due to heating of the mixture of urine and irrigation fluid. 
The performed evaluation of optical tissue properties can be also translated to the mid infrared 
wavelength range and can be used as a basis for investigations of collateral damages due to medical 
laser applications. Therefore, the results of this work can be an important indicator for future tech-





Die laserinduzierte Lithotripsie ist eine endoskopische Methode zur Behandlung von Harnsteinlei-
den. Sie steht in direkter Konkurrenz zur extrakorporalen Stoßwellenlithotripsie (ESWL) und der 
perkutanen Nephrolitholapaxie (PCNL). Bei der laserinduzierten Lithotripsie wird gepulstes La-
serlicht über einen Lichtwellenleiter im Arbeitskanal eines Endoskops direkt auf den Harnstein 
geleitet und sorgt dort aufgrund photothermischer und mechanischer Effekte für die Zerkleinerung 
des Steines. Der Ho:YAG Laser (λ: 2.1 µm) gilt aufgrund der hohen Absorption dieser Wellenlänge 
in Wasser (α: 2.78 mm-1) und der guten Transmission der mittleren-Infrarotstrahlung in Low-OH 
Glasfasern als Goldstandard für diese Vorgehensweise in der Steintherapie.  
Die eingebrachte Laserenergie bewirkt aber auch eine Krafteinwirkung auf den Stein und umlie-
gende Fragmente was zu einer Steinbewegung führt (Propulsion). Durch die Propulsion können 
zurückgestoßene Fragmente schwer auffindbar sein oder die Operation aufgrund zeitintensiven 
Nachführens des Endoskops erschweren. Dies kann einerseits zu einer erhöhten Rezidivrate durch 
Fragmentreste oder zu insgesamt längeren Operationszeit führen.  
Daher wurde ein modellhafter Aufbau zur Quantifizierung von Fragmentierungsraten und Propul-
sionseinflüssen durch Variation der Laserparameter (Energie pro Puls, Repetitionsrate und opti-
sche Pulslänge) bei der Ho:YAG laserinduzierten Lithotripsie entwickelt. Des Weiteren wurden die 
Fluoreszenzeigenschaften von humanen Nierensteinen mittels spektraler Fluoreszenzmikroskopie 
bei unterschiedlichen Anregungswellenlängen betrachtet, mit dem Ziel das Auffinden von Steinen 
und Fragmenten technisch zu vereinfachen.  
Zur Quantifizierung der Abtragsraten wurde ein Messaufbau konstruiert und im Rahmen von Un-
tersuchungen systematisch verschiedene Laserparameter (Energie (E): 0.5 J/Puls - 2.5 J/Puls, Re-
petitionsraten (f): 10 Hz - 80 Hz, optische Pulsdauer (t) 0.3 ms - 4 ms an künstlichen Steinen (Bego, 
Mischverhältnis 15:4, Kantenlänge 5mm) bewertet. Bei der Fragmentierung (Ablation) wurde ins-
besondere das sogenannte “Dusting” untersucht. Hierbei ist das Ziel den Stein aufgrund geschickt 
gewählter Laserparameter zu zerstäuben (Fragmente < 1mm) und direkt mit den Spülstrom aus-
zuwaschen.  
Die Untersuchung der Propulsion erfolgte mit einem Messaufbau, bestehend aus einem Plexiglas-
röhrchen mit einer konisch zulaufenden Innenbohrung (Ø: 8 mm), welches als Führung für den 
durch bodenseitige Laserapplikation nach oben beschleunigten künstlichen Stein dient. Aufgrund 
von Hydrodynamik und Schwerkraft wird der Stein in seine Ausgangsposition zurückgebracht. 
Diese Steinbewegung wird mit einer High-Speed-Kamera (1000 Bilder/s) aufgenommen und per 
Software in ein Bewegungsprofil umgewandelt. Durch Bestimmung der Steigung für jede der auf-
steigenden Flanken, respektive der mittleren Geschwindigkeit in diesem Zeitintervall, kann eine 
Quantifizierung der Propulsion erreicht werden.  
Von Patienten stammende Harnsteine wurden mit einem Fluoreszenzmikroskop in vitro für die 
Anregungswellenlängen (400±5) nm, (450±10) nm und (550±5) nm auf ihre Fluoreszenz unter-
sucht. Das remittierte Fluoreszenzlicht durchlief vor der spektralen Detektion je nach Anregungs-
licht verschiedene Langpassfilter (λ > 470 nm, λ > 520 nm, λ > 590 nm). Zusätzlich wurde in vivo 
die Fluoreszenzantwort zweier Nierensteine während einer OP bei grüner Anregung (λ = 500- 570 





Die optischen Gewebeeigenschaften, Absorption und reduzierte Streuung, wurden am Schwei-
nemodell (Leber, Lunge, Gehirn, Muskel) über ortsaufgelöste Remissions- und Ulbrichtkugelmes-
sungen bestimmt. Die Bestimmung der optischen Eigenschaften von sezierten und homogenisier-
ten Gewebeproben am Schweinemodell fokussierte sich auf die Vergleichbarkeit und Reproduzier-
barkeit der Messergebnisse für diese beiden Präparationsmethoden. Neue Ho:YAG Lasersysteme 
mit vier Laserkavitäten bieten eine große Variation an Laserparametern: Repetitionsraten bis zu 
100 Hz, Pulsenergien bis 6 J und Pulslängen von bis zu 4 ms. Durch die hohen eingebrachten 
mittleren optischen Leistungen (bis zu 120 W) können Kollateralschäden an umliegenden Gewe-
ben entweder durch direkten Laserbeschuss oder durch die Erhitzung des Gemisches aus Harn- 
und Spülflüssigkeit kommen. Die durchgeführten Experimente zur Bestimmung der optischen Ei-
genschaften sind auch für Laserlicht den mittleren Infrarotbereich anwendbar, bilden die Basis für 
Untersuchungen zu möglichen Kollateralschäden bei medizinischen Laseranwendungen und kön-
nen somit wichtige Anhaltspunkte für zukünftige technische Entwicklung von medizinischen La-




UNTERSUCHUNGEN ZUR LASERINDUZIERTEN 
LITHOTRIPSIE 
Diese Arbeit wird als kumulative Dissertation vorgelegt und besteht aus drei veröffentlichten Ori-
ginalmanuskripten. Zwei dieser Manuskripte verbinden inhaltlich die modellhaften Messaufbauten 
zur Quantifizierung von Steinabtragsraten und Propulsion bei Laserlichtapplikation (Ho:YAG 2.1 
µm) an künstlichen Nierensteinen. Bei den Steinabtragsraten erfolgte die Bewertung zum einen 
durch die Quantifizierung des durch Ablation erzeugten „Dusts“ (Fragmente < 1 mm), zum an-
deren wurde die Gesamtapplikationszeit und die Zeit des ersten Zerbrechens des Steins ausgewer-
tet. Die Propulsion beschreibt eine Bewegung des Steins aufgrund der applizierten Laserenergie. 
Durch High-Speed-Kameraaufnahmen erhaltene Bewegungsprofile war eine quantitative Aussage 
über die Stärke der Steinbewegung möglich. Durch Variation der Laserparameter (optische Puls-
länge, Repetitionsfrequenz, Energie pro Puls) ist es möglich die Steinabtragseffizienz, als auch die 
Propulsion zu beeinflussen. Die Aufgabenstellung war derart gestaltet, dass entsprechende Mess-
aufbauten zur Quantifizierung des Steinabtrages und der Propulsion entwickelt werden sollten 
und an geeigneten Laserquellen Versuchsreihen bei variablen Laserparametern durchgeführt wer-
den. Zusätzlich konnte das breitbandige Fluoreszenzemissionsspektrum humaner Nierensteine 
bei unterschiedlichen Anregungswellenlängen durch Fluoreszenzmikroskopie gezeigt werden. Das 
dritte Manuskript behandelt die Vermessung optischer Eigenschaften (Absorption, reduzierte 
Streuung) von tierischen Geweben (Gehirn, Leber, Lunge Muskel) mittels Ulbrichtkugel- und orts-
aufgelöster Remissionsmessung im Wellenlängenbereich von 520 nm bis 800 nm. Die Gewebe 
wurden dazu in dünne Scheiben seziert oder zu einer Paste homogenisiert. Durch die Bestimmung 
der optischen Gewebeeigenschaften lassen sich grundsätzlich Rückschlüsse auf die optische Ein-
dringtiefe des Lichts ziehen und initial potentielle Kollateralschäden durch die Wechselwirkung des 
Laserlichts mit dem betroffenen Gewebe abschätzen. Die jeweiligen Aufgabenstellungen motivier-
ten sich aus technischen Fortschritten in der Ho:YAG Laserentwicklung (Unternehmensrele-
vanz) und dem direkten Bedarf aus der Klinik: Eine effiziente Steinfragmentierung bei geringer 
Propulsion und raschem Auffinden, kann zu einer kürzeren und schonenderen Behandlungsdauer 
des Patienten führen, wodurch zum einen wirtschaftliche Aspekte (OP-Belegungszeiten pro Pati-
ent, Erhöhung der OP-Dichte pro Tag), aber auch für die Patienten positive Effekte (erhöhte 
Steinfreiheit, kürzere Krankenhausverweildauer) abgedeckt werden können.  
PATHOGENESE & PATHOPHYSIOLOGIE HUMANER HARNSTEINE 
Die Steinentstehung in Hohlorganen wird allgemein als Lithiasis bezeichnet und je nach Lokalisa-
tion (Niere, Harnleiter, Blase, Gallenblase/-gänge) in: Urolithiasis [Nephrolithiasis (Niere), Ure-
terolithiasis (Harnleiter), Zystolithiasis (Blase)] [1, 2] und Cholelithiasis [Cholezystolithiasis (Gal-
lenblase), Choledocholithiasis (Gallengänge)] unterteilt [3, 4]. Auch in Drüsengeweben können 
Konkremente ausgebildet werden (z. B. Sialolithiasis) [5, 6]. Die Prävalenz von Harnsteinen liegt 
bei > 5 %, Rezidivraten werden mit bis zu 50 % angegeben, bei entsprechender Metaphylaxe kann 
diese unter 5 % betragen [7-14]. Konkremente sind meist erst bei Obstruktion harnableitender 
Passagen und einer daraus folgenden Rückstauung der Harnflüssigkeit mit Dilatation des Hohlkör-
persystems (Niere, Harnleiter, Blase, Harnröhre) problematisch [15]. Durch die Rückstauung der 
Harnflüssigkeit kann es zur Ausbildung eines Hydroureters, einer Hydronephrose bis hin zum 
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akuten Nierenversagen kommen [16, 17]. Typische Obstruktionsstellen sind im oberen Harnleiter 
in Höhe des unteren Nierenpols, an großen Blutgefäßen bei Unter- (Vasa testicularia/ovarica) bzw. 
Überkreuzung (Vasa iliaca externa), sowie beim Durchtritt der Harnleiter durch die Wand der 
Harnblase [16]. Obstruktionen äußern sich in einer akuten Nierenkolik mit starken an- und ab-
schwellenden Schmerzen mit Ausstrahlung in den rückwärtigen Flankenbereich, den Bauchbereich 
oder die Leiste. Je nach Schmerzlokalisation kann bereits eine grobe Einschätzung über die Ob-
struktionslage erfolgen. Während Konkremente im Nierenbecken oder subpelvinen Ureter Flan-
kenschmerzen mit Ausstrahlung in den medialen Unterbrauch zeigen, werden Schmerzsymptome 
die in die Leistengegend ausstrahlen eher Konkrementen im mittleren oder distalen Ureter zuge-
ordnet [7, 9, 18]. Zusätzlich können Mikro- oder Makrohämaturien nachgewiesen werden [8]. Wei-
tere mögliche Symptome äußern sich in Fieber, Oligurie, Algurie oder Polygurie, sowie in einer 
allgemeinen Abweichung von der normalen Miktionsfähigkeit [7, 8, 18, 19]. 
Humane Harnsteinarten lassen sich nach ihrer Vorkommenshäufigkeit im Patienten nach Tabelle 
1 darstellen [9, 20, 21]. 
 
Tabelle 1: Humane Harnsteinarten nach ihrer Vorkommenshäufigkeit. 
Kalzium-Oxalat > 75 % 
Harnsäure ca. 10 % 
Magnesium-Ammonium-Phosphat ca.  5 % 
Kalzium-Phosphat ca.  5 % 
Zystin <   5 % 
 
Harnsteine entstehen durch Konklomerieren aus dem Urin ausgefällter Stoffe, wodurch sich mit 
der Zeit größer werdende Konkremente bilden können [22, 23]. Zu den Hauptursachen zählen 
eine Verringerung des Urinvolumens (Eindicken des Urins), eine erhöhte Calcium-/Oxalat-Sekre-
tion, eine Veränderung des Urin pH-Werts oder Harnwegsinfektionen (ureasebildende Bakterien). 
Infektiöse Harnsteine sind ein urologischer Notfall und werden durch Antibiotikatherapie, sowie 
sofortiger Entlastung des betroffenen Harnweges (Stentsetzung, Steintherapie) behandelt [7, 24]. 
Auch spezielle Krankheitsbilder sowie deren Therapieansatz (Medikamenteninduziert) [25], gene-
tisch bedingte Ursachen [26] und die persönliche Lebensweise (Ernährung, Bewegung) können für 
die Prädisposition von Harnsteinen eine Rolle spielen [7, 21]. Bei den häufig vorkommenden Kal-
zium-Oxalat-Steinen wird Randall-Plaque als Anwachsstelle für eine bevorzugte Anreicherungs-
stelle dieser Stoffe verantwortlich gemacht [22, 27-31]. Randall-Plaque sind Kalzifikationen der in 
die kleinen Nierenkelche mündenden Markpapillen (Papillae renalis) durch Kalzium-Phosphat 
(Apatit), das sich ringförmig um die im Nephron befindlichen Tubuli innerhalb der Membran-
schicht anlagert und nach Verlust der Epithelschicht durch Verdrängung eine Verbindung zu den 
aus dem Harn ausfallenden Stoffen bilden kann. Zusätzlich wird davon ausgegangen, dass eine 
Kalzifikation aufgrund der wechselnden Strömungseigenschaften (laminar zu turbulent) in der ab- 
und aufsteigenden Vasa recta stattfinden und so zusätzlich zur Plaquebildung beitragen kann [32]. 
Mittels CT-Untersuchungen konnten bei Kalzium-Oxalat-Steinen die früheren apatithaltigen An-






DIAGNOSE DER UROLITHIASIS 
Zur Diagnostik von Harnsteinen kommen nicht nur Ultraschall, sondern auch computertomogra-
phische- und Röntgenuntersuchungen zum Einsatz. Neben der bildgebenden Diagnostik werden, 
unabhängig vom Patientenstatus (Kolik, Infekt, temporär schmerzfrei), Laboruntersuchungen von 
Blut und Urin durchgeführt. Durch eine Analyse der Steinkomposition mittels Infrarotspektrosko-
pie oder Röntgendiffraktomie nach spontanem Steinabgang oder interventioneller Therapie, in Zu-
sammenhang mit den Blut- und Urinmesswerten lässt auf mögliche metabolische, genetische oder 
infektiöse Ursachen der Steinentstehung rückschließen und die weiteren Therapiemaßnahmen so-
wie die Metaphylaxe patientenspezifisch gestalten. Die sonografische Untersuchung stellt die Di-
agnoseapparatur der Wahl für eine schnelle Abschätzung der Symptomatik (Bauchschmerzen, 
Übelkeit, Erbrechen, ggf. Fieber, selten asymptomatisch) eines Patienten [15, 33]. Durch die Ult-
raschalluntersuchung können sowohl die Harnblase und die Niere (Kelchsystem, Nierenpa-
renchym) auf pathologische Veränderungen (bspw. Dilatation wegen Flüssigkeitsrückstau) hin un-
tersucht werden, als auch Konkremente in der Niere, dem distalen und proximalen Harnleiter und 
der Harnblase erkannt werden. Die Sensitivität und Spezifität werden für Ureter-Steine mit 45 % 
und 94 %, respektive für Nieren-Steine mit 45 % und 88 %, angegeben [9, 33-35]. 
Die computertomographische Untersuchung (CT) stellt nach initialer Ultraschalluntersuchung die 
Methode der Wahl zum Auffinden von Konkrementen und dem pathologischen Zustand, ggf. des 
gesamten Harnsystems, dar [36, 37]. Durch Zugabe von Kontrastmittel können die Nierenfunktion 
und die Funktionalität des Harn-Sammelsystems betrachtet werden. Die Sensitivität wird mit 89 % 
für Konkremente < 3 mm und 100 % für Konkremente > 3 mm bei BMI < 30 angegeben. Durch 
die Einführung von Dual Energy CT Geräten (DECT) kann nicht nur die Konkrementlage, son-
dern auch die chemische Zusammensetzung ermittelt und visualisiert werden [38-40]. Eventuell 
kann auch eine Magnet-Resonanz-Tomographie (MRT), obwohl Harnsteine hier nicht bzw. nur 
extrem schlecht nachzuweisen sind,  Aufschlüsse über eine anatomische Obstruktion und den All-
gemeinzustand der Harnwege liefern [41, 42]. Insbesondere für Kinder, Jugendliche oder Schwan-
gere wird die MRT- und Sonografie-Untersuchung präferiert, sofern keine unbedingte Indikation 
für eine CT-Betrachtung besteht, da diese Patientengruppe keinem erhöhten Bestrahlungsrisiko 








THERAPIE DER UROLITHIASIS  
Bei akuter Nierenkolik steht die symptomatische Therapie der Schmerzen in Kombination mit 
einer Entlastung der Harnwege (z. B. Harnleiterschienung) und ggf. eine antiemetische Begleitthe-
rapie im Vordergrund. Bei vorherrschendem Harninfekt ist eine antibiotische Behandlung unum-
gänglich. Eine konservative Steintherapie kann nach Anamneseerhebung erfolgen, wenn die 
Konkremente kleiner als 5 mm sind und ein spontaner Steinabgang aufgrund der Konkrementlage 
zu erwarten ist. Zu den konservativen Methoden zählen eine erhöhte Flüssigkeitsaufnahme (Di-
urese ≥ 2l/d), und ggf. Anpassung der Nahrungsgewohnheiten (Reduzierte Eiweißzufuhr, Ansäu-
erung des Urins durch Fruchtsäfte) [48-51]. Weist eine Steinanalyse auf Harnsäueresteine hin, wird 
als Kausaltherapie eine orale Chemolitholyse eingeleitet, wodurch der Harn alkalisiert wird und 
schließlich zur Auflösung des Harnsäuresteins führen kann [52-54]. Unabhängig von der Steinart 
wird bei der konservativen Steintherapie immer die Flüssigkeitsaufnahme erhöht und vermehrte 
körperliche Bewegungs- und Entspannungseinheiten empfohlen. Zusätzlich kann der Steinabgang 
durch Gabe von α-Blockern unterstützt werden [54], eine Überwachung der Risiko-Patienten in 
definierten Abständen ist erforderlich [55]. 
 
Die operative Steintherapie findet Anwendung, wenn konservative Maßnahmen fehlgeschlagen 
haben oder ein zu hohes Risiko (Parenchymatrophie, Hydronephrose, Urosepsis) für den Patienten 
bei Nichtbehandlung der Obstruktion vorliegt. Neben den nur selten, in Ausnahmefällen durchge-
führten, laparoskopischen oder offenen chirurgischen Steinentfernungen, sind drei wesentliche 
Therapiemöglichkeiten zu nennen: Die extrakorporale Schockwellentherapie (ESWL), die perku-
tane Nephrolitholapaxie (PCNL) und die retrograde Ureterorenoskopie (URS). Die ESWL ist ein 
nichtinvasives Verfahren, bei dem der Stein durch außerhalb des Körpers erzeugte und auf den 
Stein fokussierte Stoßwellen in kleinere Fragmente zertrümmert wird. Die Stoßwellen werden ent-
weder durch elektrohydraulische, elektromagnetische oder piezoelektrische Elemente erzeugt [56-
58]. Ziel dieser Behandlung ist es, die Steine in spontan abgangsfähige Konkremente zu fragmen-
tieren. Eine Harnleiterschienung (DJ-Stent) und α-Blocker-Zugabe kann den spontanen Steinab-
gang fördern, die Ausbildung einer „Steinstrasse“ reduzieren, wenigstens aber das Harnsystem pro-
phylaktisch entlasten [59-61]. Bei der PCNL erfolgt der Zugang zum Nierenbecken durch perku-
tane Punktion, wobei die Dilatation des Einstichkanals für die Mini-PCNL maximal 18 Fr beträgt 
[62]. Der eigentliche Lithotripter ist ein rigides Nephroskop, welches je nach verwendeter Technik 
dazu im Stande ist den Harnstein elektrohydraulisch, via Ultraschall, pneumatisch oder in einer 
Kombination (Ultraschall, Pneumatik) dieser Techniken zu fragmentieren. Sofern zugänglich, kön-
nen Konkremente unabhängig von Größe und Zusammensetzung mittels PCNL zerkleinert wer-
den. [63-66]. Die URS ist ebenfalls ein minimalinvasives Verfahren mittels flexiblen bei Nierenbe-
cken und semirigiden Endoskopen bei Harnleitersteinen zur Steintherapie [67-69]. Durch die rapi-
den technologischen Entwicklungen der flexiblen Endoskope (Bildqualität, Flexion, Schaftdurch-
messer-Reduktion) werden viele Operationen der Harnwege bei Steinleiden mit URS durchgeführt. 
Als Goldstandard gilt derzeit die laserinduzierte (Holmium:Yttrium-Aluminum-Garnet Laser) Li-
thotripsie, wobei gepulstes Laserlicht (λ = 2.1 µm) durch eine Glasfaser direkt zur Behandlungs-
stelle transportiert wird [70-75]. Der Fragmentierungsprozess basiert einerseits auf photother-
mischer Schädigung durch die hohe Absorption α von Licht dieser Wellenlänge [76, 77] des im 
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Stein gebundenen Wassers, welches hierdurch schlagartig verdampft. Durch die physikalisch be-
dingte Volumenzunahme der gasförmigen Phase, wird enormer mechanischer Stress auf die Struk-
tur des Steins innerhalb der jeweiligen spezifischen Eindringtiefe δ, definiert als der reziproke Wert 
des Absorptionskoeffizienten, des Laserlichts ausgeübt und führt letztendlich zur Ablation von 
Steinfragmenten an der Oberfläche des Steins [78-81]. Es gelten folgende Werte für die Absorption 
α und die Eindringtiefe δ in Wasser [82]: Ho:YAG (λ: 2.1 µm, α: 2.78 mm-1, δ: 0.36 mm). Neben 
der Energiedisposition im Stein wird Energie in der wässrigen Lösung aus Harn und Spülflüssigkeit 
an der Behandlungsstelle absorbiert, wodurch Dampfblasen im Medium gebildet werden, welche 
nach einer von den Lasereinstellungen (Pulslänge, Frequenz, Energie pro Puls) abhängigen Zeit 
wieder in sich zusammenfallen und dabei Druck- und Stoßwellen auslösen [81]. Dieser photome-
chanische Effekt trägt nur bedingt zur Ablation bei, vielmehr werden instabile Strukturen an der 
Steinoberfläche, entweder entstanden durch die Laserlichtapplikation oder durch das natürliche 
Kristallwachstum des Steins, abgetragen. Vornehmlich wird in neueren Ho:YAG-Lasersystemen 
durch geeignete Laserparameter die Blase als Transit-Tunnel für die Laserstrahlung ausgenutzt, da 
die Absorption dieser Wellenlänge in Wasserdampf deutlich geringer als in Wasser ist und dadurch 
die nicht an der Ausbildung der Dampfblase beteiligten Photonen direkt zu Stein geleitet respektive 
zur Abtragung beitragen können. In der Literatur wurde dieser Effekt unter dem Begriff „Moses-
Technologie“ definiert [81, 83]. Einhergehend mit der gewünschten Zerkleinerung des zu behan-
delten Harnsteins durch das gepulste Laserlicht, erfahren der Stein oder Fragmente davon durch 
die eingebrachte Energie eine Beschleunigung und werden dadurch von der Faserspitze des Licht-
wellenleiters weggestoßen. Dieser Effekt wird in der Literatur Retropulsion oder Propulsion ge-
nannt [84-91]. 
Durch die Propulsion können Fragmente in schwerer zugängliche oder schlecht einsehbare Berei-
che des Urogenital-Traktes befördert werden. Daraus resultiert zum einen eine längere Operati-
onszeit, da der Operateur ein Nachführen des Endoskops einleiten muss, es können aber auch 
Fragmente übersehen werden. Dadurch kann eine scheinbare Steinfreiheit [92, 93] angenommen 
werden, obwohl noch potentiell rezidiv-bildende Konkremente im Harnsystem zurückbleiben [94]. 
Dies wird unter anderem als Erklärung für die hohen Rezidivraten nach fünf Jahren von über 50 
% trotz Steinfreiheitsraten (SFR) von bis zu mehr als 90 % für die oben genannten Methoden 
(SWL , PNL, URS) oder kombinierte Therapieansätze herangezogen [95-98]. Grundsätzlich ist bei 
der laserinduzierten Lithotripsie durch Anpassung der Laserparameter (optische Pulslänge, Fre-
quenz, Energie pro Puls) eine Variation bis hin zur optimalen Einstellung der Abtragseffizienz und 
der Propulsion möglich. Insbesondere durch die Vermarktung sogenannter „Dusting-Settings“ 
[81, 93, 99-102] für die Lithotripsie Operation erfolgten  technologische Entwicklungen bis hin zu 
Vierkopf (Ho:YAG) Lasergeräten mit bis zu 120 W mittlerer Leistung [102-105]. Bei der Erzeu-
gung von „Dust“ (Fragmente < 1 mm) sollen die Abtragsprodukte direkt über den Spülstrom aus 
dem Körper befördert werden und dadurch die Zahl potentieller rezidiv-bildender Konkremente 
reduziert werden. Bei gleichzeitig geringer Propulsion können selbst kleine Fragmente die norma-
lerweise mittels Steinfangkörbchen oder Zangen aus dem Körper entfernt werden, mit dem Laser 
zerkleinert werden und dadurch die Operationszeit positiv beeinflussen. Nichtsdestotrotz darf die 
Patientensicherheit gegenüber der Behandlungseffizienz nicht vernachlässigt werden. Durch die 
eingebrachten hohen mittleren Leistungen von bis zu 120 W sind thermische Schädigungen (Er-
hitzung des Gemisches aus Harn- und Spülflüssigkeit) des den Behandlungsort umgebenden Ge-
webes oder durch direkte Lasereinstrahlung möglich [106-110]. Um kollaterale Schädigungen des 
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umliegenden Gewebes durch Laserstrahlung zu verhindern, wurden Stein-Gewebe-Unterschei-
dungs-Algorithmen auf Basis der Fluoreszenzantwort humaner Steine [111, 112] durch Anregung 
mittels des Ziellasers (520 nm – 635 nm) entwickelt. Sollte kein Fluoreszenzsignal von einem Stein 
vor der Faserspitze detektiert werden, wird automatisch der Strahlengang blockiert und es ertönt 
ein Warnsignal [113]. Zusätzlich wurde eine Methode entwickelt die über Bildverarbeitungs-Algo-
rithmen, basierend auf denen für die Propulsionsbestimmung, die Positionsbestimmung der Faser-
spitze in Bezug auf das distale Ende des Endoskop-Arbeitskanals ermittelt. Ist die Faser im Ar-
beitskanal oder zu nahe an der bildgebenden Optik, wird der Strahlengang des Lasers blockiert, um 
eine potenzielle Schädigung des Endoskops oder schlimmstenfalls des Patienten zu verhindern. 
Ein ähnliches System zum Schutz des Endoskopes vor ungewollter Laser-Applikation ist in der 
Literatur zu finden [113]. Neben der Entwicklung von Ho:YAG basierten Lasersystemen wurden 
zeitgleich auch Thulium-Faserlaser (λ = 1.94 µm) als effiziente und vielversprechende Techno-
logie zur Lithotripsie stetig weiterentwickelt und getestet [114-117]. Durch die im Vergleich zum 
Ho:YAG-Laser höhere Absorption in Wasser (αThulium: 12.54 mm
-1; αHo:YAG: 2.78 mm
-1 ) [76, 77] ist 
eine schnellere Fragmentierung grundsätzlich möglich [117]. Die bessere Strahlqualität (M² < 1.5) 
lässt die Einkoppelung des Lichts in Fasern bis zu 100 µm und kleiner zu [81]. Zusätzlich sind 
Repetitionsraten von bis zu 1 kHz möglich wodurch sich neue Hochfrequenz-Settings ergeben, die 
vorteilhaft für die Steinbehandlung sein können [81]. Experimente zur Fragmentierungseffizienz, 
Dusting-Rate und Propulsion mit einem diodengepumpten system (λ = 2.94 µm) zeigten vielver-
sprechende Ergebnisse. Insbesondere der deutlich höhere Absorptionskoeffizient dieser Wellen-
länge in Wasser (αErbium: 1220 mm
-1) stellt für die Steintherapie einen vielversprechenden Vorteil 
dar, allerdings sind derzeitige Faser-Transportsysteme (z.B. Saphir, Hollow-Core) derzeit aufgrund 
geringer Flexibilität (großer Biegeradius), ihrer thermischen oder mechanischen Stabilität nur be-
schränkt für endoskopische Anwendungen in einem für die Steintherapie benötigten Leistungsbe-
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Kurzfassung: Bei der laserinduzierten Lithotripsie wird gepulstes Laserlicht über einen Licht-
wellenleiter in einem flexiblen Endoskop zur Behandlungsstelle transportiert und zur Fragmentie-
rung von Konkrementen genutzt [67-69, 71-73]. Die eingebrachte Energie trägt aber nicht nur zur 
Zerkleinerung des Harnsteines bei, sondern induziert auch eine Bewegung auf den Stein (Propul-
sion/Retropulsion) oder dessen Fragmente [84-91]. Es existieren verschiedene Messapparaturen 
um die Propulsion bei verschiedenen Laserparametern (optische Pulslänge, Frequenz, Energie pro 
Puls), meist unter Wasser oder in NaCl-Lösung, zu bestimmen. Ein vielfach zitiertes Set-up ist das 
Pendel-Modell, wobei ein Stein am unteren Ende einer auslenkbaren Befestigung fixiert ist. Bei 
Laserapplikation wird die Auslenkung über eine oder mehrere Hochgeschwindigkeits-Kameras 
festgehalten [84, 86, 118]. Eine ähnliche Methode bewertet die horizontale Bewegung eines 
künstlichen Steines nach Laserapplikation durch eine Hochgeschwindigkeits-Kamera oder die ins-
gesamt zurückgelegte Strecke bis der Stein wieder zur Ruhe kommt [88-91]. In einem kürzlich 
entwickelten Messaufbau wird die vertikale nach oben gerichtete Steinbewegung nach Laserapp-
likation durch einen vertikal von unten eingebrachten Lichtwellenleiter mittels Hochgeschwindig-
keits-Kamera-Aufnahmen ausgewertet [83]. Alle dieser Ansätze verwenden zur Bewertung der 
Propulsion nur einen Einzelpuls, bzw. den ersten Puls einer Pulsserie. Insbesondere der erste Puls 
entspricht zumeist noch nicht den vom Benutzer eingestellten Parametern, da erst durch Regelung 
über beispielsweise eine interne Energiemesskarte die endgültigen Pulsenergien und -dauern er-
reicht werden. Um reproduzierbare experimentelle Bedingungen bei jeder Messung zu garantieren, 
wurden künstliche würfelförmige Steine (hier: BegoStone, BEGO GmbH & Co. KG, Bremen, 
Germany) mit einer Kantenlänge von 5 mm zur Evaluation verwendet. Die Härte der Steine wird 
über das Mischverhältnis von Steinpulver zu Wasser (15:4) eingestellt. Die Härte der hergestellten 
Steine lag zwischen der von humanen Steinen mit einer Materialkomposition von Calcium-Oxalat-
Monohydrat und Magnesium-Ammonium-Phosphat-Hydrogen [84]. 
Bei dem hier vorgestellten Aufbau zur Messung der Propulsion, wird im Gegensatz zu den oben 
erwähnten Methoden eine Serie von Pulsen, die daraus resultierende Steinbewegung mit einer 
Hochgeschwindigkeits-Kamera festgehalten. Im Anschluss wird mit einer in MatLab® 
(MathWorks Corporation, Natick, MA, USA) geschriebenen Software das Bewegungsprofil des 
Steins ausgewertet. Das Steinmodell wird, geführt in einer vertikalen Plexiglasröhre, durch La-
serapplikation über eine von unten eingeführte Faser nach oben beschleunigt und fällt aufgrund 
der entgegenwirkenden Schwerkraft wieder zurück in seine Ausgangsposition. Zur Überprüfung 
der Reproduzierbarkeit der Propulsions-Messungen wurde in einem ersten Setting (n =5) nur die 
Pulslänge (0.3 ms, 0.6 ms, 1.0 ms) bei gleichbleibender Pulsenergie (1 J) und Repetitionsrate (10 
Hz) variiert. Um die Messmethode mit früher durchgeführten Pendelversuchen [86] vergleichen 
zu können, betrug in einem zweiten Setting (n = 15) die Pulsenergie 0.8 J bzw. 1.2 J bei gleichblei-
bender Pulslänge (0.3 ms) und Repetitionsrate (10 Hz). Die Auf- und Abbewegung kann über eine 
Hochgeschwindigkeits-Kamera (1000 fps) in einem Zeitintervall von maximal 7 Sekunden aufge-
zeichnet werden. Über die Software wird der Rotanteil jeden Bildes herausgefiltert und ein entspre-
chendes binäres Abbild erzeugt. Der Rotanteil wird verwendet, da Bego-Steine Aufgrund ihres 
Eisenoxidanteils (ca. 1 %) rötlich erscheinen. Im binären Bild erscheint der Stein weiß und alle 
umgebenden Elemente schwarz. Durch Schwerpunktsbestimmung der weißen Fläche kann die 
vertikale Position des Steins für jedes Bild bewertet und als bildweises Bewegungsprofil aufgezeich-
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net werden. Durch Bestimmung und Mittelung der Steigung einer jeden aufsteigenden Flanke, res-
pektive der Geschwindigkeit des Modell-Steins, kann ein Maß zur Quantifizierung der Propulsion 
bei unterschiedlichen Laserparametern erzeugt und ausgewertet werden.  Die Untersuchungen zei-
gen, dass die Stärke der Propulsion durch die optische Pulsenergie und die optische Pulslänge be-
einflusst werden können. Wird die Pulsenergie bei gleichbleibender Pulslänge erhöht, so zeigt sich 
eine Erhöhung der Steinbewegung, wird hingegen die Pulslänge bei fester Energie erhöht verringert 
sich die Propulsion. Durch eine geeignete Kombination aus Pulslänge und Energie können somit 
Settings erstellt werden, welche eine hohe Abtragsrate bei geringer Propulsion aufweisen.  
 
Der Anteil von Maximilian Eisel an dieser Arbeit war, die Konstruktion und Realisierung 
eines kompakten Messaufbaus zur Propulsion-Bestimmung und die schriftliche Ausarbei-
tung. Die Fertigung des Führungsröhrchens, als auch die Planung und Auslegung der Ar-
beitsabstände zur Hochgeschwindigkeits-Kamera und der Applikationsfaser zum Stein, 
sowie die störungsfreie Spülwasserversorgung waren ebenfalls Teil dieser Arbeit. Die Pro-
grammierung der Bildverarbeitungssoftware in MatLab und des Auswertealgorithmus 
wurde tatkräftig durch Herrn Stephan Ströbl als Teil seiner Masterarbeit unterstützt. Der 
gesamte Messaufbau wurde als Gebrauchsmuster beim Deutschen Patent- und Marken-
amt (Aktenzeichen 20 2017 002 293.1) angemeldet. 
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Objectives: Ureteroscopic laser lithotripsy is an important
and widely used method for destroying ureter stones. It
represents an alternative to ultrasonic and pneumatic
lithotripsy techniques. Although these techniques have
been thoroughly investigated, the influence of some physical
parameters that may be relevant to further improve the
treatment results is not fully understood. One crucial topic is
the propulsive stone movement induced by the applied laser
pulses. To simplify and speed up the optimization of laser
parameters in this regard, a video tracking method was
developed in connection with a vertical column setup that
allows recording and subsequently analyzing the propulsive
stonemovement in dependence of different laser parameters
in a particularly convenient and fast manner.
Materials and Methods: Pulsed laser light was applied
from below to a cubic BegoStone phantom loosely guided
within a vertical column setup. The video tracking method
uses an algorithm to determine the vertical stone position
in each frame of the recorded scene. The time-dependence
of the vertical stone position is characterized by an
irregular series of peaks. By analyzing the slopes of the
peaks in this signal it was possible to determine the mean
upward stone velocity for a whole pulse train and to
compare it for different laser settings. For a proof of
principle of the video tracking method, a specific pulse
energy setting (1 J/pulse) was used in combination with
three different pulse durations: short pulse (0.3ms),
medium pulse (0.6ms), and long pulse (1.0ms). The three
pulse durations were compared in terms of their influence
on the propulsive stone movement in terms of upward
velocity. Furthermore, the propulsions induced by two
different pulse energy settings (0.8 J/pulse and 1.2 J/pulse)
for a fixed pulse duration (0.3ms) were compared. A pulse
repetition rate of 10Hzwas chosen for all experiments, and
for each laser setting, the experiment was repeated on 15
different freshly prepared stones. The latter set of experi-
ments was compared with the results of previous propul-
sion measurements performed with a pendulum setup.
Results: For a fixed pulse energy (1 J/pulse), the mean
upward propulsion velocity increased (from 120.0 to
154.9mm  s1) with decreasing pulse duration. For fixed
pulse duration (0.3ms), the mean upward propulsion
velocity increased (from 91.9 to 123.3mm  s1) with
increasing pulse energy (0.8 J/pulse and 1.2 J/pulse). The
latter result corresponds roughly to the one obtained with
the pendulum setup (increase from 61 to 105mm  s1).
While the mean propulsion velocities for the two different
pulse energies were found to differ significantly (P< 0.001)
for the two experimental and analysis methods, the
standard deviations of the measured mean propulsion
velocities were considerably smaller in case of the vertical
columnmethodwith video tracking (12%and15% forn¼ 15
freshly prepared stones) than in case of the pendulum
method (26%and41% forn¼ 50 freshly prepared stones), in
spite of the considerably smaller number of experiment
repetitions (“sample size”) in the first case.
Conclusion: The proposed vertical column method with
video tracking appears advantageous compared to the
pendulum method in terms of the statistical significance of
the obtained results. This may partly be understood by the
fact that the entire motion of the stones contributes to the
data analysis, rather than just theirmaximumdistance from
the initial position. The key difference is, however, that the
pendulum method involves only one single laser pulse in
each experiment run, which renders this method rather
tedious to perform. Furthermore, the video tracking method
appears much better suited to model a clinical lithotripsy
intervention that utilizes longer series of laser pulses at
higher repetition rates. The proposed video tracking method
can conveniently and quickly deliver results for a large
number of laser pulses that can easily be averaged. An
optimization of laser settings to achieve minimal propulsive
stonemovement should thus bemore easily feasible with the
video trackingmethod in connectionwith thevertical column
setup. Lasers Surg. Med. © 2017 Wiley Periodicals, Inc.
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INTRODUCTION
During ureteroscopic laser lithotripsy [1–3], laser pulses
are applied to the stone to be fragmented in a stochastic
manner, yet preferentially in direct or close contact
between application fiber and stone surface in the moment
of laser impact [4]. Besides the desired fragmentation
process, the applied laser pulses also induce a propulsive
movement of the stone, which can prolong the required
treatment time due to the necessity of stone chasing and
the possibility of losing stone fragments [5]. The resulting
incomplete stone clearance could be one of the major
reasons for recurrence [6–8].
In recent investigations, a number of setups were
developed to investigate and to quantify the unwanted
propulsive effect during stone fragmentation. All these
experiments are performed in water or saline
solution [7,9–13].
Bymeans of thewell-knownpendulummethod [9,12,13],
the stone movement due to laser impact can be quantified
via the maximum deflection angle of the pendulum. With
the stone in neutral position, the distal fiber end is
arranged horizontally and in contact to the stone’s surface.
The pendulum’s deviation following the first emitted laser
pulse is then observed by a high speed camera, which is
positioned perpendicular to the oscillation plane.
A similar approach is based on the measurement of the
horizontal movement of stones guided by a tube or
rim [7,8,10,11]. Light pulses are applied through an optical
fiber in the sameway as in case of the pendulum setup, and
it is again only the first laser pulse that determines the
movement of the stone. The movement is observed by a
camera system and/or the total moved distance is deter-
mined to quantify the propulsive stone movement.
A further, recently developed experimental method uses
the observation of the vertical motion of a stone via a high
speed camera, followed by a frame-by-frame evaluation of
the recorded video sequence [14]. The laser pulses are
applied through a vertically oriented optical fiber guided to
the stone from the bottom. Upon laser activity, the stone is
driven upward and falling back due to gravity.
All three approaches share the disadvantage that the
analyzed movement originates from only one single laser
pulse, in fact the first one if a series of pulses is applied. The
intensity and duration of the first laser pulse, however, can
usually not be specified or defined, especially in the case of
medical laser systems.
To overcome such problems and to carry out reproducible
experiments for comparing laser lithotripsy devices for
medical use, a method for quantitative and reproducible
measurement of the propulsion movement was developed.
Such experiments are prerequisites to identify laser
emission parameters with which the propulsion can be
reduced to a minimum.
MATERIALS AND METHODS
Experimental Setup
To guarantee reproducible experimental conditions, real
human stones are hardly suitable, as they strongly vary in
composition, structure, and surface roughness. Therefore,
an artificial stone model was used, comprising cubical
stones (edge length: 5mm) manufactured from plaster
(BegoStone, BEGO GmbH & Co. KG, Bremen, Germany)
with a compound-to-water ratio of 15:4, leading to
mechanical stone properties comparable to in-vivo ureter
stones, ranging between those of COM (calcium oxalate
monohydrate) and MAPH (magnesium ammonium phos-
phate hydrogen) urinary stones [9]. The mean mass of the
stone phantoms used was (0.215 0.015 g).
As sketched inFigure 1, the artificial stonewas put into a
wide bore hole (Ø¼9mm, depth¼40mm) drilled from
above into an acrylic glass bar (Ø¼25mm,h¼ 50mm). The
light-guiding fiber (Øcore: 365mm, Øouter: 600mm) was
inserted into the so-formed test chamber through a narrow
bore hole (Ø¼ 2.3mm) from the bottom.
In addition, horizontal holes (Ø¼ 6mm)were drilled into
the glass bar near the top to establish a water flow system
ensuring a clear view as small dust particles created
during laser light application were rinsed away. The
flowrate was set to 150ml/min during the experiments.
Here, dust is defined by a fragment size below 1mm, while
bigger fragments are counted as fragments [15]. To ensure
reproducible conditions at the start of each experiment, the
initial distance between distal fiber end and stone surface
was adjusted to (2.0 0.1mm). This distance value was
empirically found to be well suited as it yielded largely
reproducible average stone movements in all performed
experiments. Upon laser activity, the distance between
stone surface and fiber tip changes more or less periodi-
cally due to acceleration by the laser pulses and gravity as a
counteracting force that let the stone fall back roughly into
its initial position. Details of this roughly periodic stone
movement depend on the selected laser settings.
A Ho:YAG laser device (Auriga, StarMedTec, Starnberg,
Germany) was used to generate pulsed laser light at a
wavelength of 2.1mm. The laser settings could be varied in
Fig. 1. Experimental setup for the propulsion measurement. The
acrylic glass tube is used as a sample chamber, the laser pulses are
applied from the bottom via an optical fiber. The resulting stone
phantom movement is recorded by a camera system.
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terms of pulse duration, pulse energy, and repetition rate.
The laser settings used for propulsion measurements are
listed in Table 1.
During laser pulse application, the stone movement was
recorded in the form of an RGBmovie bymeans of a digital
camera (DSC RX–100V, Sony, Tokyo, Japan) with a frame
rate of 1,000 fps. The recording time was limited to 7
seconds by the internal buffering capacity.
Video Tracking Software
The recorded video files were analyzed with a
homemade video tracking software for use with MatLab
1
(MathWorks Corporation, Natick, MA). The analysis was
performed solely on the red channel of the video
sequence, because the BegoStone phantom material
contains about 1% of red iron oxide, providing a high
contrast between stone and background in that colour
channel. The RGB video file was split into single frames,
from which the red color channel was extracted as an 8
bit brightness image. Pixels were assigned to the stone
only if their brightness value and those of the eight
surrounding pixels exceeded a certain threshold value.
Thereby, it is prevented that isolated red pixels are
attributed to the stone and included in the stone position
analysis, which would falsify the result. The threshold
was set to 2/3 of the maximum possible intensity value
255. This value was empirically found to be well suited to
ensure that a variation in illumination had practically no
effect on the obtained stone position. The subset of pixels
attributed to the stone was surrounded by the corre-
sponding minimum-size rectangle for illustration pur-
poses, as shown in Figure 2 left. The right panel of
Figure 2 shows a corresponding binary (i.e., black-and-
white) image where the pixels attributed to the stone are
white while all others are black. The centroid position of
the white area is calculated and indicated by a small
cross in the left image of Figure 2 and used to determine
the y-position of the stone
The (vertical) y-coordinate of the centroid position was
determined for each frame and plotted as a function of the
frame number as shown in Figure 3. To quantify the laser
pulse impact on the stone, the mean upward propulsion
velocity of the stone was determined from the slopes of
the rising flanks of all sufficiently high peaks in the
graph. An empirically developed numerical flank detec-
tion filter was used to identify the rising flanks of the
laser-induced stone movement: Each y-value gets com-
pared to the y-value recorded 10 frames later. As long as
the latter y-value is bigger, the slope of the connection
line between the two data points is positive. Each series
of subsequent y-values fulfilling this condition was
interpreted as a rising flank. The data points with the
lowest and the highest y-values within each rising flank,
TABLE 1. Laser Settings Used for Reproducibility
Testing of the Vertical Column Method With Video
Tracking and for Comparison to Former Pendulum
Measurements. The last columncontains thenumber of
independent experiments performed in each case
Epulse (J) frep (Hz) tpulse (ms) n
Reproducibility testing 1.0 10 0.3 5
1.0 10 0.6 5
1.0 10 1.0 5
Setup comparison 0.8 10 0.3 15
1.2 10 0.3 15
Fig. 2. Tracking of the stone’s centroid position based on
threshold-exceeding pixels in the red channel of one frame of
the recorded video sequence (left). Only the threshold-exceeding
pixels are associated with the stone and represented in a binary
black-and-white image (right).
Fig. 3. Vertical centroid coordinate observed during stone
movement as a function of the frame number (7,000 frames were
recorded at 1,000 fps over 7 s recording time).
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(tmin, ymin) and (tmax, ymax), were then used to calculate
the flank’s slope as the upward-velocity
v ¼ Dy
Dt
¼ ymax  ymin
tmax  tmin
Two kinds of experiments were performed: A reproduc-
ibility test of the vertical column setup with video tracking
and comparison experiments to further investigate this
method in terms of potential improvements in comparison
to thewell-established pendulumsetup [12]. InTable 1, the
experimental parameters and the numbers of performed
independent experiments are listed.
Statistical Evaluation
Based on the slopes of the rising flanks, the velocities of
every upward-movement were calculated and afterwards
averaged. Hence, for every 7-second video sequence, a
mean upward propulsion velocity value vmean was
obtained. These vmean values were statistically compared
for different laser settings based on significance t-tests
(P<0.05, significance level) performed with the statistical
software SigmaPlot (V.11.0, Systat Software GmbH,
Erkrath, Germany). The obtained propulsion velocities
are plotted with the corresponding standard errors in case
of the reproducibility test and with the corresponding
standard deviations in case of the pendulum setup.
RESULTS
In Figure 4 the results of the reproducibility tests (left:
experiment 1, right: experiment 2) performed at a fixed
pulse energy of 1 J/pulse and a fixed repetition rate of 10Hz
are shown for different pulse durations: short pulses
(0.3ms), medium pulses (0.6ms), and long pulses (1.0ms).
The mean values and the standard errors of the upward
propulsion velocity are illustrated as obtained in five
independent experiment repetitions. For long pulses (experi-
ment 1: (120.0 2.9mm  s1), experiment 2: (128.3 6.9mm
 s1), the mean upward propulsion velocity is significantly
lower in comparison to short pulses (experiment 1:
[154.9 5.8mm  s1], experiment 2: [168.5 5.4mm  s1]).
The result for medium pulse duration is also significantly
different from that for long pulse duration (experiment 1:
[143.8 7.8mm  s1], experiment 2: [149.9 2.7mm  s1]).
There was no statistical difference between short pulse and
medium pulse (P¼0.287) in experiment1, but in experiment
2 the difference was significant (P¼ 0.015), which can be
traced back to the small sample size (n¼ 5 experiment
repetitions). Furthermore, no significant difference between
the mean upward propulsion velocities obtained in the two
experiments was found, neither for short pulses (P¼ 0.123),
medium pulses (P¼ 0.487), and long pulses (P¼ 0.301).
Overall it could be shown that propulsion measurements
with the employed experimental and analysis methods
yielded reproducible results for the investigated stone
phantoms and laser settings.
In a second set of propulsion velocity measurements, a
comparison with former pendulum measurements was
performed, employing pulse energies of 0.8 and 1.2 J and a
fixed pulse duration of 0.3ms. The experiments just
differed in the employed pulse repetition rate, which was
3Hz in case of the pendulum setup and 10Hz in case of the
vertical column method with video tracking. As in
pendulum measurements only the first laser pulse
contributes to the stone propulsion, the repetition rate
is irrelevant in this. In Figure 5, the mean values and
the standard deviations of the vertical propulsion veloci-
ties induced by two different pulse energies in 15
experiment repetitions are compared for the vertical
column setup with video tracking and the pendulum
setup [12].
Fig. 4. Results obtained during the reproducibility test of the
vertical column method with video tracking (left: experiment 1,
right: experiment 2). Laser parameters: 1J-10Hz, short pulse
(0.3ms), medium pulse (0.6ms), long pulse (1.0ms). (n¼5
experiment repetitions, t-test performed using SigmaPlot 11.0).
Fig. 5. Comparison of the laser-induced stone phantom propul-
sion velocities obtained with the vertical column method with
video tracking software and previously published results obtained
with a pendulum setup [11] for identical laser settings. The mean
propulsion velocities and their standard deviations are illustrated,
t-tests (P<0.001)were performed to test if differences between the
obtained results are statistically significant.
4 EISEL ET AL.
With bothmethods the two different laser settings can be
distinguished with regard to the laser-induced stone
movement with high significance (P< 0.001). It is obvious,
however, that the errors bars are larger in the data
obtained with the pendulum setup despite the correspond-
ing large sample size of n¼ 50 (single-pulse) measure-
ments [12], while for the tracking method the sample size
was n¼15 (number of video sequences). For fixed pulse
duration (0.3ms), both methods yielded, expectedly,
higher propulsion velocities when using a higher pulse
energy of 1.2 J/pulse (vertical column with video tracking:
(123.3 15.0mm  s1) (12%), pendulum: (105 27mm 
s1) (26%), while for 0.8 J/pulse the propulsion velocities
were lower (vertical column with video tracking:
(91.913.4mm  s1) (15%), pendulum: (61 25mm 
s1) (41%).
DISCUSSION
The vertical column-based propulsion measurement
setup with video tracking analysis was developed to
investigate the stone propulsion effect of medical laser
systems and their specific parameter settings in a
convenient manner and with improved reproducibility
compared to existing alternative methods. Based on the
results of the performed experiments, employing the
proposed method in combination with reproducible frag-
mentation experiments should allow to explore useful laser
parameters for clinical laser application in lithotripsy
more easily than in the past [5]. Clearly, the described
method so far pertains only to the characterization of the
propulsive stone movement and not to the investigation of
fragmentation mechanisms. However, the proposed
method could certainly be combined with such investiga-
tions. Besides the optimisation of the fragmentation
process the safety of the patient during the treatment
should be taken into account. An interesting approach was
recently published [16], where the fluorescence light of
human calculi excited by the aiming beam (532nm) was
used to differentiate between ureteral tissue and stone.
This signal could be used to implement a feedback loop
preventing the laser being fired accidental on ureteral
tissue.
It could be shown that, despite the considerable differ-
ences between the vertical column setup and the pendulum
setup, the observed dependencies of the propulsion values
on the laser settings were in general well comparable. The
results are well consistent with the findings of other
groups, for example, with regard to the observation of
higher propulsion velocities in the case of shorter pulse
durations [17–23].
Influences of the water flow on the observed propulsive
stonemovements can be neglected as the flow rate could be
set to the sameflow rate for eachmeasurement.Hence, it is
assumed that the water turbulences were similar in
different measurements.
Apart from the generation of dust, the continuously
induced fragmentation of the stone phantom represents
a further limitation of the vertical column setup, in
particular for long observation times. Fragmentation
could already become of major concern once material
ablation leads to a non-negligible change of the stone’s
mass. In the experiments reported here, ablation of
stone material was neglected. For more detailed inves-
tigations it is recommendable to check if this is fully
justified, that is, whether ablation during the observa-
tion time (here 7-seconds) has no influence to the
obtained results.
In comparison to the pendulum setup and similar
approaches, the method for propulsion measurements
proposed here largely facilitates investigating the average
laser impact during a longer series of laser pulses. The
pendulummethod is sensitive only to the stone propulsion
induced by a single laser pulse, and, at least in the case of
existing laser devices built for medical use, the only
relevant pulse has so far always been the first pulse in a
series of laser pulses, which is particularly undesirable if
that first laser pulse is for technical reasons not yet
equivalent to the average pulse within the subsequent
pulse series.
As the vertical column method with video tracking
allows for themeasuring the effects ofmultiple consecutive
pulses, it becomes fairly easy to average these effects over a
high number of pulses. The limiting factor for the number
of pulses is the maximum recording time of the camera
system, for example, in this case 7 seconds, as determined
by the limited buffering capacity.
The vertical column method with video tracking has
the advantage that it strongly facilitates the analysis of
the impact of a large number of laser pulses on the
propulsive stone movement, for example, in terms of the
mean upward propulsion velocity of a stone phantom.
The setup was optimized to create reproducible results
under (at least statistically) identical conditions for each
experiment in a series of experiment repetitions. As the
vertical column setup is a hands-free device, the
influence of an operator is largely excluded or at least
restricted to the initial fiber positioning and the flow rate
adjustment. The first not yet energy–stabilized pulses in
a longer series of pulses have no influence on the
measurement results, as the recording of the stone
movement may be started some time (1 second in the
present case) after starting the pulse sequence. For the
same reason, the initial stone positioning has no
influence on the results. Most of the advantages
summarized here are based on the guidance of the stone
within the acrylic glass vessel, in combination with the
effect of gravity. As a result, it was possible to obtain a
high result reproducibility despite the small number of
experiment repetitions.
As usual, the immediate translation of the reported
experimental results into clinical considerations are
impeded by the fact that in the reported experiments
standard BegoStone phantoms of rather well-defined size,
mass, and other physical properties [24] were used in a
highly simplified artificial ureter model (bore hole in
PMMA). It was not the aim of this study to very
realistically imitate clinical situations, but rather to gain
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reproducible results from a standardized measurement
setup which can then be used to optimize medical laser
devices for optimal clinical benefit, that is, an optimal
relationship between minimal stone propulsion and maxi-
mum fragmentation efficacy. Clinical stones are of differ-
ent composition and structure, highly patient-specific, and
they vary in size and mass. Thus the impact of laser
parametersmay be different from those reported here [25].
Also, the reproducibility will be lower in case of real clinical
stones due to their largely varying material properties.
In the reported experiments, cubical stone phantoms
were used, which may be regarded as a drawback due to
considerably different properties with regard to flow in
fluids in comparison to spherical phantoms. The effect of
the shape of the used phantoms should be investigated in
future experiments. In the experiments reported here, the
influence of fluid dynamics has not been discussed.
However, since the environmental conditions were identi-
cal in every measurement, it was easily possible to obtain
reproducible results.
For the available camera frame rate of 1,000 fps, it was
not possible to resolve the stone acceleration process
during the laser pulse impact phase directly, because the
pulse duration was 1ms or shorter in all conducted
experiments. Stone observation during the acceleration
phase would certainly be of considerable interest in
order to determine the laser-induced force applied to the
stone.
The described setup and evaluation method appear
suitable and promising to test and compare different
commercially available laser systems and their emission
parameters with regard to their propulsion effect in a
hands-free and reproducible manner. The fragmentation
and dusting efficiency has to be investigated separately
or potentially in parallel with a refined setup and in
regard to recent findings of other groups investigating
different fragmentation methods [26]. To gain a broader
overview and deeper insight into the mechanisms
determining the propulsion effect during lithotripsy, a
larger number of laser settings, as well as several
different laser sources should be investigated. The
mass loss of the stone phantom due to ablation should
be taken into account, and it should be investigated
whether the time-dependent ablation observed during a
few seconds of laser application might potentially be
sufficient to predict the macroscopic mass loss expectable
over longer treatment times. This will be part of an
upcoming experimental study in the near future.
CONCLUSION
A video tracking method for objectively determining the
propulsive movement of artificial stones during laser
lithotripsy was developed. The stone tracking method
allows for a more exact quantification of the laser pulse
induced movement and thus the underlying physical
processes and mechanisms. By recording and analyzing
the stone movement over time, the mean upward propul-
sion velocity could be determined for single laser pulses
and compared for different laser settings. This method
provides a robust and simple approach for the optimization
of laser parameters, such as pulse duration, repetition
rate, and pulse energy, in order to achieve an optimal
combination of low stone propulsion and high fragmenta-
tion efficacy, which can then be evaluated in a clinical
setting.
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Kurzfassung: Anhand einer Variation von Laserparametern, einer Kombination aus opti-
scher Pulslänge, Repetitionsrate und Energie pro Puls, wurden die Fragmentierungseigenschaften 
und die jeweils induzierte Propulsion untersucht. Des Weiteren wurden die Fluoreszenzeigenschaf-
ten von humanen Nierensteinen mittels spektraler Fluoreszenzmikroskopie bei unterschiedlichen 
Anregungswellenlängen betrachtet. Für die Versuche wurde ein experimenteller Ho:YAG-Laser 
verwendet, welcher eine weite Variation an Parametern bereitstellte (Pulslängen bis zu 4 ms, Repe-
titionsraten bis 80 Hz und Energien pro Puls bis 2.5 J). Die verwendeten Laserparameter wurden 
aufgrund früherer Experimente, sowie derzeit in der Literatur publizierter Settings entsprechend 
ausgewählt [83, 86, 100, 119-121]. 
Für die Fragmentierungs-Experimente wurden würfelförmige Bego-Steine (Kantenlänge 5 mm, 
Mischverhältnis 15:4) [120] in einem unter Wasser befindlichen Plexiglasbehälter durch Laserapp-
likation von einer von oben eingeführten Faser (ØKern 365 µm) zerkleinert. Die Zeit bis alle Frag-
mente klein genug waren, um die im Boden befindlichen Löcher (Ø: 2.3 mm) zu passieren, wurde 
als Gesamtzeit (ttot) für die Laserbehandlung gewertet. Zusätzlich wurde die Zeit des ersten Ausei-
nanderbrechens (tbreak) des künstlichen Steins genommen. Der Anteil des erzeugten „Dusts“ (Frag-
mente < 1 mm) [119] wurde durch vorheriges Verwiegen der Steingesamtmasse gegenüber dem 
Fragmentgewicht (Fragmentgröße > 1 mm) nach der Laserapplikation errechnet. Die Laserpara-
meter wurden dann anhand der aufgenommenen Applikationszeiten und dem erzeugten Dust-An-
teil bewertet. 
Die Propulsion wurde mit dem in [120] beschriebenen Messaufbau durch Analyse der mit einer 
Hochgeschwindigkeits-Kamera (1000 fps) aufgenommenen Bewegungsprofile ausgewertet. Das 
Set-up wurde für die Verwendung von kugelförmigen künstlichen Steinen (Ø: 6 mm) optimiert. 
Durch die Verwendung von sphärischen Steinen konnten deutliche Verbesserungen der Bewe-
gungsprofile erzeugt werden, da sich diese im Gegensatz zu den würfelförmigen Steinen nicht spo-
radisch verkeilten und dadurch teils nicht zu bewertende Abschnitte im Profil erzeugten. 
Durch spektrale Fluoreszenz-Mikroskopie (Anregungswellenlängen: 400 nm, 450 nm, 550 nm) 
konnte die breitbandige Fluoreszenzantwort (470 nm – 750 nm), je nach verwendetem Langpass-
filter, von humanen Nierensteinen exemplarisch dargestellt werden. Während einer Operation 
konnte die Fluoreszenzantwort humaner Nierensteine (λdet: > 610 nm) nach Anregung im grünen 
Wellenlängenbereich (λexc: 500-570 nm) gezeigt werden.  
Die Untersuchungen zeigten, dass Settings mit einer Pulslänge von mehr als 1 ms, bei gleichzeitiger 
Erhöhung der Pulsenergie-und Repetitionsraten (>30 Hz), einen vielversprechenden Ansatz für 
die effiziente Steinzerkleinerung darstellen. Bei den Propulsionsexperimenten wurden die kubi-
schen Steine durch sphärische ersetzt, dies führte zu einer deutlich besseren Reproduzierbarkeit 
der Ergebnisse durch die besseren Strömungseigenschaften der kugelförmigen künstlichen Steine. 
Die Fluoreszenzantwort von humanen Nierensteinen kann für die Auffindung von Steinfragmen-
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Abstract: The fragmentation efficiency on Bego artificial stones during lithotripsy and the 
propulsive effect (via video tracking) was investigated for a variety of laser settings. A 
variation of the laser settings (pulse energy, pulse duration, repetition rate) altered the total 
application time required for stone fragmentation, the stone break up time, and the propulsion. 
The obtained results can be used to develop lithotripsy devices providing an optimal 
combination of low stone propulsion and high fragmentation efficacy, which can then be 
evaluated in a clinical setting. Additionally, the fluorescence of human kidney stones was 
inspected endoscopically in vivo. Fluorescence light can be used to detect stone-free areas or 
to clearly distinguish calculi from surrounding tissue or operation tools. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
1. Introduction 
Ureteroscopic Ho:YAG laser lithotripsy is a preferred method for treating urinary stone 
disease [1–6]. Clinical lithotripsy is performed endoscopically by application of laser pulses 
to the calculi. The laser light is guided to the stone by an optical wave guide that is inserted 
into the working channel of either a rigid or flexible endoscope. Clinically, Ho:YAG lasers (λ 
= 2.1 µm) are widely used for this application, owing to the high absorption coefficient of 
water at the respective wavelength. This allows to induce not only thermo-mechanical 
ablation on the stone surface, but also photothermal fragmentation by expansion of the water 
contained in urinary stones [7]. To compare different laser systems and laser parameters, 
different experimental set-ups have been proposed [8–14]. Such set-ups were designed to 
quantify the fragmentation rate and the dusting efficacy. Although the term dust has not been 
defined finally to distinguish between the two processes, a definition of dust as fragments 
smaller than 1 mm has been proposed [15]. Along with the desired stone destruction, pulsed 
laser light also accelerates the urinary stone (propulsion effect), resulting in the need to 
“chase the stone” with the endoscope along the ureter. Such manoeuvres may result in a 
longer treatment time and the possibility of losing the stone or stone fragments [9, 10, 16]. 
Both, fragmentation and propulsion processes, are highly influenced by the chosen laser 
parameters (pulse energy, pulse duration, repetition rate) [15, 17, 18]. The propulsion can be 
measured via a variety of methods, for example by evaluating the maximum deflection angle 
of a pendulum due to laser impact [18–21] or by analysing horizontal [9–12] or vertical stone 
movements [13] in terms of maximum stone displacement. The main disadvantage of these 
techniques is that the propulsion effect of only one single laser pulse can be evaluated. In this 
study, a combination of maximum vertical stone displacement analysis and object tracking 
via high speed camera was used to determine the propulsion characteristics of pulse trains 
over an observation time of 7 seconds [22]. Beyond the quantification of stone destruction 
and propulsion, a third challenge is posed by the proper detection of small fragments. Small 
fragments may remain untreated clinically because of insufficient visibility and/or low 
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contrast with the surrounding tissue under white light illumination. Suitable recognition 
techniques have been proposed and are still under development [23–25]. In view of these 
three clinical challenges, the following investigations on fragmentation and propulsion of 
artificial stones as well as fluorescence response of human calculi were performed to identify 
optimisation potential in the procedure of laser lithotripsy. The main focus was set on the 
fragmentation and propulsion experiments using an experimental laser system, while for 
fluorescence response measurements first results are shown. 
2. Material and methods 
2.1 Laser device and artificial calculi 
As laser source an experimental Ho:YAG device (λ = 2.1 µm) was used, providing a huge 
range of laser settings: pulse energies (E) from 0.5 J/pulse up to 2.5 J/pulse, repetition rates 
(f) from 10 Hz to 80 Hz, and optical pulse durations (t) up to 4 ms. A detailed listing of the 
settings used is shown in Table 1. One combined setting was used where the stone was 
fragmented until the stone broke up (tbreak) with 0.5 J/pulse, 0.4 ms pulse length and 80 Hz 
repetition rate, then the fragmentation was continued using 2.5 J/pulse, 4.0 ms and 10 Hz. As 
the used laser source was an experimental device it was decided to use an optical fiber with 
core diameter of 365 µm for all experiments to guarantee optimal coupling efficacy and to 
prevent damage to the coupling optics, the coupling plug or the fiber itself. With the laser 
device it was possible to create a great variation in pulse length (0.25 ms- 4.0 ms), energy per 
pulse (0.4 J/pulse - 2.5 J/pulse). Depending on the pulse length and energy per pulse 
repetition rates up to 80 Hz could be used. The selection of settings in Table 1 was chosen 
due to experiences from former experiments [15, 20, 22, 26] with standard Ho:YAG laser 
sources and current state of the art laser settings using high repetition rates in combination 
with variations in pulse length and energy per pulse [13, 27, 28]. 
Table 1. Laser settings used for fragmentation and propulsion experiments 
E [J] t [ms] f [Hz] PAverage [W] 
0.5 0.3 10 5 
0.5 0.4 80 40 
0.5 0.6 10 5 
0.5 1.0 10 5 
0.5 1.2 40 20 
0.5 1.3 10 5 
0.5 1.6 10 5 
0.5 2.2 30 15 
1.0 0.3 10 10 
1.0 0.6 10 10 
1.0 1.0 10 10 
1.0 1.2 10 10 
1.0 0.8 40 32 
1.0 1.2 40 40 
1.0 1.6 10 10 
1.0 2.2 30 30 
1.5 0.3 10 15 
1.5 1.0 10 15 
2.0 0.3 10 20 
2.0 1.0 10 20 
2.0 4.0 10 20 
2.5 4.0 10 25 
 
Cubical (edge length: 5 mm) and spherical (Ø: 6 mm) artificial calculi made out of Bego 
powder (BEGO, BEGO GmbH & Co KG, Bremen, Germany) were used for the 
fragmentation and propulsion experiments. All stones were used “dry” without immersion in 
water beforehand. The hardness of the calculi was adjusted by the compound-to-water ratio 
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time consuming chasing of the fragments respectively the break-up behaviour. For time-
effective fragmentation it would be desirable to have maximal ablation rate (total application 
time short) with late break-up of the treated stone (fragments occur very late during the 
application) and low propulsion when it comes to “chasing” the remaining fragments. 
Generally speaking, a simultaneous increase of pulse energy and/or pulse duration as well as 
using repetition rates above 30 Hz seems to be a promising approach in the improvement of 
laser induced lithotripsy. This can be extrapolated from Fig. 5 and Fig. 6, using repetition 
rates of 10 Hz (Fig. 5) the shortest settings regarding to ttotal ranged between 200 s (1J/pulse, 1 
ms, 10 Hz) and 260 s (1J/pulse, 1.6 ms, 10 Hz), whereas in Fig. 6 fastest ttotal lay between 115 
s (setting 7: 1.0J/pulse, 1.2ms, 40Hz) and 150 s (setting 8: 0.5J/pulse, 0.4 ms, 80 Hz). The 
dusting ratios varied between 61% and 84% in all cases. 
Doubling of the energy per pulse for constant pulse duration and repetition rate as 
mentioned beforehand (setting 1: 0.5J/pulse, 2.2 ms, 30 Hz; setting 5: 1.0J/pulse, 2.2 ms, 30 
Hz) and (setting 2: 0.5 J/pulse, 1.2 ms, 40 Hz; setting 7: 1.0 J/pulse, 1.2 ms, 40 Hz) results in 
significant reduction of ttotal, but not in the same way for tbreak. Even though a setting using low 
energy per pulse and short pulse length at high repetition rates (Fig. 6: setting 8: 0.5J/pulse, 
0.4 ms, 80 Hz) was effective regarding to ttotal, but a short break up time thenceforward the 
remaining fragments are further crushed due to recently described “popcorn-technique” [31, 
32]. There was also no improvement in ttotal using setting 8 until tbreak in combination with 
setting 4 (2.5J, 4.0 ms, 10 Hz) for continuing the treatment of the fragments. Unfortunately 
the experimental laser system was just available to test the settings presented, therefore it 
would be of interest to test such “combined settings” on significant impact on the 
improvement of the overall efficacy of the treatment. The correlation between the laser 
parameters, fragmentation times and dusting efficacy has to be further investigated, 
particularly in combination with the generated propulsion. Based on these first preliminary 
data sets in this work it will be possible to continue on profound data. Recently another 
potential method was published which uses experimental data on fragmentation (here: 
ablation volume) and propulsion at different laser settings (here: pulse duration and number 
of pulses, for constant pulse energy) to derive an analytic model function for predicting 
treatment efficacy from laser parameters [30]. This might be an interesting tool for further 
optimization of laser settings and laser development. 
In the propulsion experiments [22], the result reproducibility was better when using 
spherical (first used in this work) instead of cubical stone phantoms. In Fig. 3 it is illustrated 
that the movement profile of the spherical stones (lower graph) during laser application is 
more uniform compared to that of the cubical stones (upper graph). In former experiments 
using cubes it was observed that the cubes became sometimes stuck in the experimental 
apparatus, hence the movement profile was more irregular compared to the spherical 
phantoms. Obviously this renders such experiments time-consuming and the result quality 
less satisfactory or both, which is why spherical artificial stones were introduced in this work 
to improve the overall quality of the set-up. In Fig. 7, most results obtained for the propulsion 
velocity are nevertheless in agreement for both phantom shapes. In other respects, further 
optimisation of the propulsion set-up might be useful in terms of adjustments to fibre distance 
and water flow. The experimental set-ups for fragmentation and propulsion experiments were 
developed on the one hand to mimic a clinical situation, but also to guarantee reproducible 
and reliable results in lab tests, therefore the both set-ups were optimized for good handling 
(Operator) and accessibility (laser fiber, maintenance). The main focus lay on the 
reproducible comparison of different laser settings and laser systems. Especially in case of the 
Propulsion set-up the vertical movement of the stone was used for evaluation was used as the 
gravitation served as “constant” counterforce to bring the stone back into its origin position. 
By keeping the water flow and level constant it was possible to achieve very similar 
conditions for each stone respectively laser setting tested. Even though the clinical situation 
differs from these experimental set-ups, the experimental procedure was in case of the 
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propulsion experiment independent of the investigator, using the fragmentation set-up the 
influence of the operator (subjective influences, including motivation and experience, on the 
obtained results and conclusions) could successively be minimized [15]. As a consequence, a 
high reproducibility could gradually be achieved in the evaluation of different laser systems 
and laser parameters. 
Besides fragmentation and movement of calculi, the fluorescence of human kidney stones 
was investigated in this study. Interesting approaches in this area were recently introduced 
that involved fluorescence excitation on kidney stones with the aiming beam of a laser system 
[24, 25]. This enables one to develop a feedback system for the laser device to differentiate 
hard and soft tissue in front of the fiber tip and finally to avoid accidental laser pulse 
application to surrounding soft tissue [33]. In this study it could be shown that the urinary 
stones emitted sufficiently intense fluorescence light, allowing to clearly distinguishing them 
from surrounding tissue or operation tools such as guide wires, catheters and endoscopes. 
With that, an endoscope-based safety feature can be envisioned in combination with a suitable 
color tracking algorithm. In case of the stone or the fiber out of sight or for instance inside the 
working channel there is a risk to hit operation tools, which could be avoided by activation of 
an emergency alarm [34]. Innovations in laser development resulted in the introduction of 
high power Ho:YAG lasers on the market, providing an average power around 100W, which 
can be very efficient in stone destruction [35–37]. Furthermore, attention should in particular 
also be dedicated to heat generation inside the urinary tract when using such high power laser 
devices [38–42]. Fluorescence-assisted endoscopic laser lithotripsy should be introduced in 
particular in connection with high power laser devices. While these may be equipped with 
temperature measurement features to minimize possible heat-induced damages to surrounding 
soft tissue, fluorescence may provide a prompter feedback signal to prevent direct laser 
application on tissue. Further investigations on all efficacy and safety aspects of lithotripsy 
(fragmentation, dusting, propulsion, stone recognition, and stone/tissue differentiation) should 
certainly be performed to improve the clinical outcome for the benefit of the patient. 
5. Conclusion 
Based on the set-ups used in this study, reproducible data sets concerning fragmentation for a 
variation of energy per pulse (0.5J-2.5J), pulse length (0.25 ms-4.0ms) and repetition rates 
(10Hz- 80Hz) were created. Elongation of pulse length (>1ms) in combination with 
simultaneously increase of energy per pulse dependent on the laser system’s capacity and 
higher repetition rates (>30 Hz) seems to be a promising approach to improve fragmentation 
efficacy. Propulsion experiments were performed for different energies per pulse (0.5J-2.5J), 
pulse length (0.3ms, 0.6ms, 1.0ms) at repetition rates of 10 Hz showing that the 
reproducibility of the results could be improved by the use of spherical instead of cubical 
artificial stones. In combination these data sets can be used to obtain laser lithotripsy 
procedure, meaning using the full potential (high ablation rate, smallest fragment diameter 
(dust), lowest propulsion) of laser devices currently or in the future available on the market. 
Broadband fluorescence response of human calculi could be a useful tool to retrieve lost 
stones or fragments (possible increase of stone free rate) or can be used as a further safety 
feature for laser lithotripsy (reduction of collateral damage to surrounding tissue or 
endoscopic devices). 
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Kurzfassung: Die Kenntnis der optischen Eigenschaften von biologischen Geweben ist 
eine Voraussetzung für viele lichtbasierte diagnostische und therapeutische Ansätze in der Medizin, 
wie beispielsweise die photodynamische Therapie (PDT) [122-124] oder Diagnostik (PDD) [125, 
126], die Photokoagulation [127, 128] und fluoreszenzdiagnostische Verfahren [129, 130]. Die Be-
stimmung der optischen Eigenschaften, Absorption µa und reduzierter Streuung µs‘, erfolgte in 
einem Wellenlängenbereich von λ: 520 nm – 800 nm durch Ulbrichtkugelmessungen über einen 
„Inverse Adding Doubling“-Algorithmus  [131, 132] (IAD) und durch ortsaufgelöste Remissi-
onsmessungen [133, 134]. Diese beiden Messmethoden sind den indirekten photometrischen 
Techniken (dicke Probe, multiple interne Streuprozesse) zugehörig, hierbei werden die makrosko-
pischen optischen Eigenschaften durch  beispielsweise IAD oder Diffusionsnäherung anhand zu-
vor gemessener Größen (z.B. Remission, Reflexion, Transmission) bestimmt [135]. Gewebe vom 
Schwein (Gehirn, Leber, Lunge, Muskel) wurde innerhalb von 48 Stunden nach Schlachtung in 
1 mm dicke Scheiben seziert oder mit einem Pürierstab zu einer Paste verarbeitet (Homogenisie-
rung) [136]. Biologische Gewebe weisen durch ihren komplexen internen Aufbau (verschiedene 
Zelltypen, Bindegewebe, Blutgefäße, etc.) eine heterogene Struktur auf [137-140]. Bei beiden hier 
verwendeten Messmethoden werden Vereinfachungen in Bezug auf die zu vermessende Probe, wie 
z.B. eine Homogenität der makroskopisch vorherrschenden optischen Eigenschaften, angenom-
men [127]. Die Vergleichbarkeit der Messergebnisse durch beide Messmethoden mit jeweils se-
zierten und homogenisierten Gewebeproben wurde untersucht, insbesondere welche Änderun-
gen der optischen Eigenschaften durch den Homogenisierungsprozess entstehen. Die Probenver-
arbeitung und Präparation für die jeweiligen Messaufbauten war deutlich schneller und einfacher 
mit den homogenisierten Geweben im Vergleich zu den sezierten möglich. Zusätzlich ist die Re-
produzierbarkeit (n=5) mit homogenisierten Proben erhöht, da interne Gewebestrukturen bei 
der Homogenisierung zerstört werden. Die Ergebnisse zeigten eine gute Übereinstimmung beider 
Präparationsmethoden für µs‘. Der Absorptionskoeffizient µa hingegen wich, voraussichtlich durch 
Gleichverteilung zuvor lokalisierten Blutes in das Gesamtvolumen, von den Messwerten für sezier-
tes Gewebe teils deutlich ab. Zusammenfassend ist eine Homogenisierung, insbesondere von klei-
nen oder sehr heterogenen Proben, eine vielversprechende Methode zur ex vivo Präparation für 
zuvor genannte ausgewählte Anwendungen in der Medizin sein. Diese Datenbank an optischen 
Eigenschaften von biologischen Geweben kann als Grundlage für Berechnungen und Simulationen 
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Abstract. Knowledge of tissue optical properties, in particular the absorption μa and the reduced scattering
coefficient μ 0s, is required for diagnostic and therapeutic applications in which the light distribution during treat-
ment has to be known. As it is generally very difficult to obtain this information with sufficient accuracy in vivo,
optical properties are often approximately determined on ex vivo tissue samples. In this case, the obtained
optical properties may strongly depend on the sample preparation. The extent of the expectable preparation-
dependent differences was systematically investigated in comparative measurements on dissected and
homogenized porcine tissue samples (liver, lung, brain, and muscle). These measurements were performed
at wavelengths 520, 635, 660, and 785 nm, using a dual-step reflectance device and at a spectral range of
515 to 800 nm with an integrating sphere setup. In a third experiment, the density of tissue samples (dissected
and homogenized) was investigated, as the characteristic of the packaging of internal tissue structures strongly
influences the absorption and scattering. The standard errors of the obtained absorption and reduced scattering
coefficients were found to be reduced in case of homogenized tissue. Homogenizing the tissues also allows
a much easier and faster sample preparation, as macroscopic internal tissue structures are destroyed in the
homogenized tissue so that a planar tissue sample with well-defined thickness can easily and accurately be
prepared by filling the tissue paste into a cuvette. Consequently, a better reproducibility result was obtained
when using homogenized samples. According to the density measurements accomplished for dissected and
homogenized tissue samples, all types of tissues, except lung, showed a decrease in the density due to the
homogenization process. The presented results are in good agreement for μ 0s regardless of the preparation pro-
cedure, whereas μa differs, probably influenced by blood content and dehydration. Because of faster and easier
preparation and easier sample positioning, homogenization prior to measurement seems to be suitable for inves-
tigating the optical properties ex vivo. Additionally, by means of using the homogenization process,
the sample size and thickness do not need to be particularly large, as is the case for most biopsies from
the OR. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.23.9.091418]
Keywords: optical properties; biological tissue; spatially resolved reflectance; total diffuse reflectance; integrating sphere; density
measurements.
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1 Introduction
Optical diagnostic and therapeutic applications usually depend
on knowledge of the light distribution in the treated area, for
instance in photodynamic therapy (PDT)1–3 and diagnosis
(PDD),4,5 photocoagulation,6,7 and fluorescence diagnosis in
general.8,9 The light distribution in turn depends on the optical
tissue properties (μa; μs) and their distribution in space.
10–12
There are several photometric techniques (direct and indirect)
available for measurement of optical properties. Direct measure-
ments (thin sample, single scattering events) focus on one par-
ticular microscopic coefficient and normally do not use a model
for light propagation. Indirect methods (thick sample and multi-
ple scattering) calculate the macroscopic optical parameters via
an inverse model [inverse adding doubling (IAD), diffusion
approximation] from measured quantities (e.g., diffuse/colli-
mated reflection or transmission).13 The estimation of optical
properties of extracted biological tissues is often performed
by single- or double-integrating sphere (IS) technique.14–20
Another approach is to exploit the backscattered light from
a thick sample surface either for absolute measurement or spa-
tially resolved evaluation.21–27 In a modified form, backscattered
light can be also used for time resolved,28 frequency domain,29
and spatial-frequency domain30 measurements, and finally also
using OCT-technology.31 Furthermore, such techniques have
the potential to be adjusted to clinical applications.
Biological tissue, however, does usually not show uniform
optical properties within a macroscopic volume as it contains
regions made up of different types of cells, connective tissue,
vessels, and boundary layers, such as an organ capsule (serous
membrane) or membranes.32–35 As well, natural degradation of
the tissue samples and the related changes in pH, moisture, and
oxygenation have to be taken into account.12 Precise and repro-
ducible slicing of the tissue to investigate the optical properties
by IS techniques is challenging, and often the fixing compounds
used in preparation must be taken into account.36 Shredding the
tissue causes most of its internal structures to be destroyed or
more evenly distributed,10 thus creating a macroscopic volume
with rather uniform optical properties. Although studies con-
cerning the comparison of different measurement techniques
*Address all correspondence to: Maximilian Eisel, E-mail: Max. Eisel@med.
uni-muenchen.de 1083-3668/2018/$25.00 © 2018 SPIE
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are available and a lot of investigations into tissue mimicking
phantoms (layered and homogenous) are performed,37–40 the in-
fluence of the structure of tissue sample on the optical properties
has not been investigated systematically on biological samples
so far. Thus, the objective of this investigation is the comparison
of the optical properties measured on dissected, sliced tissue
samples and their corresponding homogenized versions using
the IS technique and a dual-step reflectance method (DSR).
Both employed methods use mathematical approximations,
like the radiative transfer equation, in combination with homo-
geneous optical tissue properties to calculate the optical proper-
ties from reflection or transmission measurements on the
illuminated sample. These approximations often rely on simpli-
fying assumptions about the investigated tissue volume, such as
homogeneity of the optical tissue properties.6
In addition to evaluating whether the homogenizing process
is suitable to obtain at least similar optical properties values by
using dissected tissue samples, or whether the interference is too
harsh to the tissue’s structure, a simplification and thus time-
saving aspect of the tissue preparation process accompanied
by an increase of reproducibility should be tested. In particular
the method of homogenizing is very interesting for small,
heterogeneous, or traumatized samples from biopsies or resec-
tions (e.g., cholesteatoma41 and glioblastoma42). As the optical
properties of ex vivo samples highly depend on the storage con-
ditions and further processing7,11,32,43 and may thus decidedly
differ from those of in vivo tissue, future work should be focused
on the relation between these two kinds of state of tissue
conditions.
2 Materials and Methods
2.1 Samples and Sample Preparation
Measurements, performed on porcine brain, liver, lung, and
muscle from the abattoir, were used within 48 h after sacrifice,
representing heterogenic pasty, bloody, uncongested, and struc-
tured conditions, respectively. The samples were stored in
a refrigerator in separated plastic containers at a temperature
of 4°C until experiments. For DSR measurements, the tissue
samples (dissected: Ø: ∼40 mm; homogenized Ø: ∼80 mm)
were placed into plastic Petri dishes (Ø: 80 mm; height:
25 mm). A sample thickness of ∼10 mm was chosen to prevent
light interaction with the bottom of the Petri dish. An even sam-
ple surface was imperative for reproducible measurement
results. Tissue homogenization10 was accomplished using
a commercial hand blender (STUDIO St10, Sertronics GmbH,
Saarlouis, Germany) for 2 min at ∼12;000 rpm (power mode II).
IS measurements were performed on samples dissected into rec-
tangular slices with at least 30-mm edge length and a thickness
of 1 mm. The tissue slices were positioned between two micro-
scope slides (50 mm × 50 mm × 1 mm) separated by 1-mm-
thick spacers. In this way, a squeezing of the sample between
the glass slides was avoided and a defined thickness could be
obtained to prevent an unwanted alteration of the scattering
and absorption coefficients.6,32 The homogenized tissue paste
was equally distributed on a glass slide and covered by a second
glass slide with the 1-mm spacer in between. Careful positioning
guaranteed minimal squeezing of the tissue paste.
The sample preparation (dissection/homogenizing) took
place immediately before measurement, hence guaranteeing
reproducible tissue conditions.
2.2 Experimental Setups
2.2.1 Dual-step reflectance measurement
The determination of optical properties was accomplished by
(a) spectral measurement of the total diffuse reflectance of
the tissue surface using a broadband white-light source and
(b) detecting the spatially resolved diffuse reflectance from
the tissue surface illuminated with a monochromatic laser
beam in a sharply defined spot via a CCD camera. These two
procedures were condensed to one setup, termed DSR setup.
This setup is described in the following.
The spectral measurement of the total diffuse reflectance of
the tissue surface was performed by perpendicular illumination
of the sample surface by a halogen white-light source (Xenophot,
Osram, Germany) coupled into an optical fiber (Øcore: 1000 μm,
NA: 0.37), as shown in Fig. 1. The achromatic lens (f ¼ 5 mm)
at the distal end of the optical fiber ensures a uniform light dis-
tribution within a circular spot on the tissue surface (Øspot:
20 mm). The remitted light is collected by means of a second
optical fiber (Øcore: 600 μm, NA: 0.37), which is aligned under
45 deg with respect to the tissue surface. The polished flat end of
this detection fiber is positioned at a distance of 50 mm to the
intersection point of the fiber axis and the sample surface. To
obtain correct results, it has to be ensured that the surface
area from which remitted light is collected into the detection
fiber is fully contained within the homogeneously illuminated
spot on the tissue surface. The detection fiber guides the col-
lected light to a spectrometer (S2000, Ocean Optics, Ostfildern,
Germany). The spectrometer is sensitive in the spectral range
from 200 to 850 nm. For each measurement a reference
spectrum was taken, using a Lambertian reflectance standard
(SG3060/7, Ø: 30 mm, reflectance: 30%, L.O.T. – Oriel
GmbH & Co. KG, Darmstadt, Germany) using the same
geometrical setup. The software OOIBASE (Ocean Optics,
Dunedin, Florida) was used to visualize and save the respective
spectra of sample and standard.
By measuring the remitted light intensities of the tissue
sample (Isample; Istandard) in comparison with the Lambertian
remission standard Rs, the total diffuse reflectance R of the
sample surface can be evaluated according to Eq. (1):
Fig. 1 Spectral total diffuse reflectance measurement setup compris-
ing a fiber-coupled halogen lamp and a 45-deg inclined detection fiber
attached to a spectrometer.
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denotes the quotient of the sample’s absorption and reduced
scattering coefficient. The function AðqÞ additionally depends
on the relative refractive index nrel ¼ nsurroundingnsample , and can be deter-
mined by Monte Carlo simulations. By inverting Eq. (2) via
lookup tables and interpolation, the quotient q can be calculated
for any experimentally obtained values of Rd.
For the spatially resolved reflectance measurement, a mono-
chrome CCD camera (SensiCam Long Exposure, PCO
Computer Optics GmbH, Kelheim, Germany) was used to rec-
ord the spatial intensity distribution on the sample surface while
irradiated with a narrow laser beam. The employed setup
allowed the determination of optical properties at four specific
fixed wavelengths. For this purpose, four laser diodes (Flexpoint
Dot, Laser Components, and Olching, Germany) were arranged
annularly around the CCD camera and focused into one single
spot, as can be seen in Fig. 2. The laser diodes emit at central
wavelengths of 520, 635, 660, and 785 nm at a maximum optical
power of 5 mW. The intersection point of all laser beams is
located within the object plane of the camera. The measurement
procedure was partially automated and implemented in
a MATLAB code (MATLAB, The MathWorks Inc., Natick,
Massachusetts).
The CCD camera takes an image of the tissue sample surface,
while laser light of a single laser diode illuminates a small spot
(Ø:≪0.4 mm) on the sample surface. The procedure is repeated
for every laser diode wavelength; hence, one image is generated
for every specific wavelength. For evaluation the radial depend-
ence of the light intensity around the laser spot has to be mea-
sured; therefore, the light intensity is mapped as a function of
the pixel distance from the center of the illuminated light spot.
To increase the dynamic range of the remitted light distribu-
tion, suitable measures must be taken such that almost every
pixel contains a signal clearly distinguishable from the back-
ground. To achieve this, images of the light distribution are
taken by gradually increasing the integration time of the camera
from a minimum value (2 ms), where no pixels are saturated, to
a maximum value (5000 ms). Through this step-by-step increase
of the integration time, more and more pixels near the spot
center become saturated, whereas more and more pixels far
from the spot center provide a signal well distinguishable
from the background. When considering only unsaturated pixels
with signals well above the background and averaging over all
respective time-normalized intensities in each of these pixels,
a combined gray-scale image with an enhanced dynamic
range can be generated. By binning of its pixels into suitably
chosen intervals of radial distance from the illumination spot
center and averaging over the signal intensities in each bin,
a graph of the averaged radial dependence of the diffusely remit-




3μaðμa þ μ 0sÞ;
p
(4)
can then be determined by fitting a model curve to this graph,
based on Monte Carlo simulations with preset values for the
scattering anisotropy gðλnÞ, the refractive index nsampleðλnÞ of
the sample, and the value qðλnÞ determined from the total diffuse
reflectance measurements for the respective (laser) wavelength
λn as described above.
45,46
2.2.2 Integrating sphere setup
The determination of the optical properties using the integrating
sphere (IS) was performed, among others, by the indirect spec-
tral measurement of diffuse reflected and transmitted light inten-
sities during illumination of a tissue sample by a white-light
source. Subsequently, an IAD procedure47,48 can be used to
evaluate the optical properties μa and μ 0s , provided that the scat-
tering anisotropy g is predefined. Figure 3 shows exemplarily
the setup for the measurement of the diffuse transmitted light.
A xenon arc lamp (D-light, Karl Storz, Tuttlingen, Germany)
was coupled into a multimode optical fiber (Øcore: 1.5 mm, NA:
0.37). At the distal end of the fiber the light passes an iris, which
was used to adjust the beam diameter and to reduce stray light.
A lens (f: 60 mm) focuses the beam onto the sample. Between
the distal fiber end and the first iris, a shutter is located and can
be used to perform dark measurements for background correc-
tions. The IS (Ø: 101.6 mm, Labsphere North Sutton) is coated
with Spectralon®, which has a reflectivity of about 99% in the
spectral range from 400 to 1500 nm. The reflected or transmitted
diffuse light is detected in the spectral range from 200 to 850 nm
via an optical fiber (Øcore: 500 μm, NA: 0.3) attached to a spec-
trometer (S2000, Ocean Optics, Dunedin) by collecting stray
light from the sphere surface within the fiber’s numerical
aperture.
The spectral determination of the optical properties μa and μ 0s
of a tissue sample was performed by calculating the diffuse
transmission Td and the diffuse reflectance Rd out of three spec-
tral measurements in counts/ms (SigTd, SigRd, and SigRef ) in the
wavelength range between 400 and 800 nm. The device configu-
rations during the three spectral measurements are shown in
Fig. 4.
Fig. 2 Spatially resolved reflectance measurement setup comprising
a CCD camera and four laser diodes emitting at central wavelengths
520, 635, 660, and 785 nm.
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Due to the low collimated transmission signal, it was not
possible to determine the anisotropy factor g, which would
otherwise be possible with an extended set of measurements
(not shown here). As a consequence, μs could not be calculated
independently; hence, constant literature values were allocated
to the scattering anisotropy g and the refractive indices nsample of
the sample, namely 0.843 and 1.37,49,50 respectively. Dark
spectra (BgTd, BgRd, and Bgref) were taken and subtracted
from the signals as background noise. Td and Rd can be calcu-









The variable Rsphere represents the wavelength depending
reflectance of the IS’s inner coating Spectralon®. Using the
inverse adding doubling method established by Prahl et al.,47,48
the optical properties μa and μ 0s can then be computed from Td
and Rd.
2.2.3 Tissue density measurements
Mass density measurements were performed on dissected and
homogenized tissue samples to identify potential density
Fig. 3 Schematic setup for the measurement of the diffuse transmitted light passing the sample.
Collimated transmitted light leaves the sphere without any interaction.
Fig. 4 Top view of the IS for the measurements of (a) SigTd, (b) SigRd, and (c) SigRef.
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changes during the homogenizing process as these may be
linked to optical property changes. For every tissue, n ¼ 5 den-
sity measurements were performed, whereby sample volumes of
at least 1 cm3 were used. For that purpose, a vessel placed on top
of a scale (BP 310 S, Sartorius, Göttingen, Germany) (Fig. 5)
was filled with water and the corresponding volume (Vw) was
determined. Thereupon the vessel was emptied, a volume of tis-
sue had been prepared, its mass msample had been determined,
and then inserted into the vessel, and the scale tared. By filling
the vessel with water, the reduced volume Vr can be estimated.
The water volume displaced by the sample volume Vsample can
then be calculated as ΔV ¼ Vw − Vr. The tissue density can






The data analysis and representation were performed using
Sigma Plot (V.11.0, Systat Software GmbH, Erkrath,
Germany). For brevity, abbreviations were used for the four
combinations of experimental method and tissue preparation
as follows: for the IS setup I and ID in combination with dis-
sected tissue, respectively, IH in combination with homogenized
tissue; for the DSR setup R and RD and RH, respectively.
Optical properties were determined for each of the four
experiment/preparation combinations, each of the four different
laser wavelengths of the DSR setup, and each of the four differ-
ent tissue types. In each case, the obtained optical properties are
graphically represented by mean values (μmean) out of n ¼ 5
measurements, while the error bars represent the corresponding
standard errors (μerr). As the IS measurements were performed
with a broadband white-light source, the results are shown as
full spectra (515 to 800 nm) with error bars at the DSR wave-
length positions. The relative standard error, i.e., the ratio of the
standard error and the mean value, was evaluated in percent in
each case. Afterward, the ratio of the relative standard error for
homogenized and dissected tissue was calculated for each case,
i.e., for each experimental method, for each wavelength λ, and
for each of the four tissue types:
EQ-TARGET;temp:intralink-;e008;63;121ðrλ; ISÞ ¼ μerrðλ; IHÞ∕μmeanðλ; IHÞ
μerrðλ; IDÞ∕μmeanðλ; IDÞ
; (8)
Fig. 5 Experimental setup for density measurement of biological
tissue.
Fig. 6 Optical properties of dissected (ID and RD) and homogenized
(IH and RH) brain tissue samples, for the wavelengths 520, 635, 660,
and 785 nm. [mean ± stderr (n ¼ 5)]. (a) Brain tissue: μa, (b) μs'.
(c) Liver: μa, (d) μs'. (e) Lung: μa, (f) μs'. (g) Muscle: μa, (h) μs'.
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EQ-TARGET;temp:intralink-;e009;63;752 ðλ; DSRÞ ¼ μerrðλ; RHÞ∕μmeanðλ; RHÞ
μerrðλ; RDÞ∕μmeanðλ; RDÞ
: (9)
A ratio value r < 1 indicates a smaller relative standard error
in case of homogenized compared with dissected tissue. Ratio
values r > 1 indicate that the dissected tissue samples showed
smaller relative standard errors. A reference line at r ¼ 1 was
included in each of these graphs for clarity.
3 Results
3.1 Optical Property Measurements
The optical properties obtained for each experiment/preparation
combination at the four different wavelengths of the DSR setup
are shown in Figs. 6(a)–6(h) for each tissue type (brain, liver,
lung, and muscle). The absorption coefficient μa is shown in
the left column, the reduced scattering coefficient μ 0s in the
right column.
In most cases, the absorption coefficient μa was found to be
higher for homogenized tissues (IH and RH) than for the
corresponding dissected tissues (ID and RD). Muscle tissue
[Fig. 6(g)] shows the opposite behavior, except at 520 nm,
where the IS measurements again yielded a higher μa value
for homogenized tissue (IH versus ID). Overall, in almost
all measurements, the relative standard error decreased using
homogenized tissue samples instead of dissected ones.
IS measurements on brain tissue [Fig. 6(b)] (and liver tissue
[Fig. 6(d)], with lower significance) yield smaller values for μ 0s
in case of homogenized samples. Independent of the experimen-
tal method, the same holds for lung tissue [Fig. 6(f)], whereas
the opposite behavior is obtained for muscle tissue [Fig. 6(h)].
DSR measurements on brain and liver tissue did not yield sig-
nificant differences between dissected and homogenized tissue.
For liver tissue, the differences between dissected and
homogenized tissue are generally very small, except at a wave-
length of 520 nm [Figs. 6(c) and 6(d)].
The comparison of the ratio of relative standard errors of
homogenized and the corresponding dissected tissue samples
is shown in Fig. 7. The ratio values obtained from IS measure-
ments are shown in the left column, for μa in the upper, and μ 0s in
the lower graph. The corresponding results obtained from DSR
measurements are shown in the right column. As can be seen,
the relative standard error for μ 0s was in most cases smaller
(r < 1) than in the case of homogenized samples, except for
lung tissue. For μa around one-third of the values were larger
Fig. 7 Ratio of relative standard errors between homogenized and the corresponding dissected tissue
samples, plotted for the absorption coefficient and the reduced scattering coefficient in the upper and
lower graphs, respectively. Results are shown for the four different source tissues and the four different
laser wavelengths of the DSR setup, where results from IS and DSR measurements are collected in the
left and right columns, respectively. A ratio value <1 indicates a smaller relative standard error in case of
homogenized tissue. Ratio values >1 indicate that the dissected tissue samples showed smaller relative
standard errors.
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(r > 1) than one and hence had smaller relative standard errors
for dissected tissue.
The IS mean values (n ¼ 5) for the absorption and scattering
coefficient for both preparation methods derived from IS inves-
tigations (mean of n ¼ 5) in the spectral range from 515 to
800 nm are shown in Figs. 8(a)–8(h). Measurements performed
with dissected tissue are displayed as solid lines with red colored
error bars at the DSR wavelength positions, for homogenized
samples interrupted lines and blue error bars were used.
Absorption coefficients [Figs. 8(a), 8(c), 8(e), and 8(g)] are
increased for homogenized tissue samples in comparison with
dissected in the spectral range of 515 to 580 nm, and become
aligned from 580 to 800 nm. The scattering coefficient values
for homogenized samples mostly lay below the ones for dis-
sected [Figs. 8(b), 8(d), and 8(f)], except for muscle [Fig. 8(h)].
The smallest deviation depending on preparation method could
be observed for liver [Fig. 8(d)]; additionally, the revealed
results for absorption and reduced scattering are in good relation
to Roggan et al.43 In the most graphs, except for μ 0s [Fig. 8(h)] and
μa [Fig. 8(g)] of muscle tissue, the standard deviations were
smaller or at least very similar in comparison with the error
bars of dissected tissue. This agrees very well with the results
of the relative errors of the IS measurements shown in Fig. 7.
3.2 Tissue Density Measurements
The results of the tissue density measurements are listed in
Table 1 and compared with literature values.51 In the case of
lung tissue, the obtained results were compared with both
deflated and inflated lung tissue; in the case of muscle tissue,
to skeletal muscle tissue. For all types of tissue, except lung,
a decrease in the mass density was observed upon homogeni-
zation. The values for dissected tissue correspond well with
the literature data.
4 Discussion
The optical properties of different types of homogenized and
dissected porcine tissue samples (brain, liver, lung, and muscle)
were determined using IS and DSRmeasurements. In the case of
homogenized tissue, a reduction in the relative standard error of
the obtained optical coefficients was observed, which can be
attributed to an improved reproducibility of the experiments.
Furthermore, the improved reproducibility can be attributed
to the destruction of internal tissue structures, so that extreme
local changes33 in the optical properties of the specific tissue
sample can be overcome. This seems to be a fact for all tissues
investigated except for lung samples (Fig. 7), which might be
traced back to incomplete homogenizing within the 2 min
shredding. Overall, using homogenized tissue samples, the
Fig. 8 Mean values (n ¼ 5) of the absorption and scattering spectra
of the IS measurements (515 to 800 nm). Dissected tissue (solid line)
is illustrated with red colored error bars at the DSR wavelength,
homogenized samples (interrupted line) with blue error bars at the
same wavelength positions, respectively. (a) Brain tissue: μa, (b) μs'.
(c) Liver: μa, (d) μs'. (e) Lung: μa, (f) μs'. (g) Muscle: μa, (h) μs'.







Brain 0.962 to 0.969 1.028 to 1.038 1.030 to 1.041
Liver 1.025 to 1.045 1.068 to 1.082 1.050 to 1.070
Lung 1.012 to 1.018 0.462 to 0.498 0.230 to 1.092
Muscle 1.023 to 1.039 1.069 to 1.093 1.038 to 1.056
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preparation of the samples was much easier, and the perfor-
mance of the experiments was less time consuming. All in
all, homogenization of tissues for ex vivo experiments using
standard setups like IS or diffuse reflectance analysis seems
to be a promising way to create stable and reproducible datasets
of the optical properties of different tissues. However, one has to
consider whether the gained results of such a methodology are
suitable for the particular clinical application.
It can be derived that the absorption coefficient is increased
for homogenized tissue samples in comparison with the corre-
sponding sliced tissue, which can be explained by a more even
distribution of blood cells within the tissue sample. Red blood
cells are one of the main absorbers in tissues,7 whereby the
increased μa values in the spectral range of 500 to 580 nm
can be explained.43,52 In contrast to the dissected samples,
where blood is concentrated in certain areas and vessels, the
blood will be spread fairly evenly over the whole sample volume
upon homogenization. This may lead to a higher μa from
400 to 600 nm as seen in the IS spectral data [Figs. 8(a),
8(c), 8(e), and 8(g)] and can be related to an effect known as
pigment packaging.53 Equally, the destruction of internal struc-
tures changes the scattering coefficient in comparison with
the sliced sample due to altering of local nonuniformities in the
microstructure, e.g., the size, shape, and orientation as well as
the refractive index mismatch of the scattering particles.54
The homogenization process also raises issues like how the
changes in tissue morphology, namely the introduction or
extraction of air, in addition to the redistribution of tissue fluids
or other tissue constituents, may influence the absorption and
scattering coefficients measurable on the sample.54 Therefore,
mass density measurements were performed additionally to
assess the extent of such morphological changes induced by
the used tissue homogenization procedure.
Within the experimental errors, the measured mass densities
of the dissected tissue samples were quite consistent with the
corresponding literature values. The wide range of literature val-
ues in the case of lung tissue can be explained by the potentially
high air content in the tissue. For full inflation, densities around
0.23 g∕cm3 are found in the literature, whereas for deflation the
density is reported to increase to around 1.09 g∕cm3. The per-
formed density measurements on dissected lung tissue yielded
values of around 0.480 g∕cm3, which is intermediate between
the two extreme values reported in the literature.51
In all cases, despite lung tissue, homogenizing of the tissue
samples lead to a decrease in density. This might be explained
by destroying denser structures and simultaneously inserting air
into the sample due to the mixing procedure. Such an effect
could potentially be avoided by performing the homogenization
in vacuum. Lung tissue, on the other hand, becomes a lot denser
(from 0.480 to 1.015 g∕cm3) upon homogenization, which
might be due to a removal or destruction of the air inclusions
in the lung tissue. In the case of muscle tissue, the opposite
effect is observed, whereby rather well-aligned supporting struc-
tures within muscle tissue are destroyed; upon homogenization,
these “boundaries” are strongly disturbed so that they strongly
scatter the impinging light.18,33,52 The performed tissue prepara-
tion may affect the determined optical properties. Although the
destruction of the structure may influence the absorption and
reduced scattering coefficient, packaging effects and blood dis-
tribution may alter mainly the absorption coefficient, and the
preparation related density changes may have influences on
both parameters.
The advantages tissue homogenization compared to tissue
slices is that even small samples become usable for the deter-
mination of its optical properties. This applies especially to
the IS measurement technique, where the sample size and thick-
ness do not need to be particularly large.55 Hence, after homog-
enizing the tissue, a thin layer of the disintegrated tissue can be
spread between two glass slides whose distance can be quite
small. One only has to ensure that the sample port is fully
covered and that the sample is not squeezed. Regarding exper-
imental aspects, homogenization allows for a much faster and
easier sample preparation, due to the fact that no preparation
time is required for a suitable tissue dissection aiming for an
increase in reproducibility of the optical property data.
5 Conclusion
The optical properties of tissue samples were investigated and
compared for homogenized versus dissected tissues. The com-
parison of the data showed good agreement for μ 0s, while
the μa differences were probably influenced by blood.
Experiments using homogenized tissue samples show high
reproducibility and are less time consuming. Further investiga-
tions should be performed to statistically proof the statement.
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